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ABSTRACT

This report summarizes the research done in the Department

of PhYsics of Oklahoma State University supported bY the U.S.

Army Research Office under contract number DAA829-82-K-0041 from

January 15, 1982 through JanuarY 14, 1985. The research involves

the use of laser spectroscopy techniques such as four-wave

mixings multiphoton absorption, time-resolved sits-selection

sPectroscoPY, and holography to characterize dynamical optical

processes such as energy transfer% exciton migration, radiation-

less relaxation, and the photorefractive e4fect. In addition, a

significant effort was spent in the synthesis and character-

ization of new tYPes of materials for tunable laser applications.

The materials investigated include alexandrite, titanium doped - -

sapphire, lithium niobate, neodymium pentaPhosPhate, rhodium

doped rubidium calcium fluoride, manganese silicate, and

neodymium doped garnet crystals and glasses. Some of the results

of major importance from this work are. (1) The demonstration of -"

RbCaF3 iRh
2  as a high gain tunable laser material; (2) The

characterization of the spectral pumping and decay dynamics of
m3+

Y3 A15a1 2 Nd+ under high Power, picosecond Pulse excitation; (3)

The characterization of exciton dynamics in NdP 5 01 4 crystals with

four-wave mixingi (4) The development of a model based on trap
4

modulated mobility of two types of charge carriers to explain the

Photorefractive effect in LiNbO3 ; and (5) The demonstration of

third order susceptibility effects in B&A1204uCr3 +.
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less relaxation, and the photorefractive affect. In addition, a

significant effort was spent in the synthesis and character-

ization of new types of materials for tunable laser applications.

The materials investigated include alexandrite, titanium doped

sapphire, lithium niobate, neodymium PentaPhosPhate, rhodium

doped rubidium calcium fluoride, manganese silicate, and

neodymium doped garnet crystals and glasses.
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I. INTRODUCTION

Laser-based electo-oPtic technology in the military is espe-

cially important in areas of target acquisition and recognition,

guidance, surveillance and night vision, rangefinders, communi-

cations, and countermeasures. Each different application

requires a laser system with specific operational Parameters.

Thus there is an important demand for developing now materials

for laser systems having device properties that are optimum for

specific types of applications. In order to develop the ability

to tailor make materials with desired device characteristics, it

is important to fully understand and characterize the fundamental

Physical Processes underlying the optical pumping and emission

dynamics of the material.

The Purpose of the research on this contract was to enhance

our understanding of the spectral dynamics of materials used in

laser systems and to develop new materials for laser aPPlica-

tions. The major research goals stated in the original Proposal

have all essentially been accomplished. The important results

obtained during the three Years of this contract are briefly

outlined in this section and presented in detail in the remainder

of the report.

This research project benefited greatly from additional

support provided by a DoD University Research Instrumentation

grant. The equipment Purchased with these funds permitted the

establishment of five independently operating laser stations.

These are utilized for four-wave mixing spectroscopy, transient

holography spectroscopy, multiphoton absorption spectroscopy,

time-resolved site-selection spectroscopy, and picosecond spec-
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troscoPY. Block diagrams of these experimental setups are st.own

in Figs. 1 - 5. This expansion of the solid state physics of the

OSU Laser Spectroscopy Facility increased the oPerational capabi-

lities and efficiency of our research Program. This unique

facility allows us to attack a research problem with a variety of

different laser spectroscopy techniques and to train students

with state-of-the-art equipment so they are prepared for jobs in

high technology industries.

1.1 Summary of Research Accomplishments

The research Performed under this contract can be divided

into five thrust areas. The first is characterizing exciton

dynamics in stoichiometric laser crystals. These crystals are

useful in applications requiring low threshold, high gain "mini-

lasers" and exciton migration Plays an important roll in deter-

mining the level of concentration quenching which affects the

quantum efficiency of the material. We used the technique of

four-wave mixing spectroscopy to characterize the properties of

exciton migration in NdxLal-xP 5 01 4 crystals. This provided the

first measurement of the exciton diffusion coefficient in this

class of material. In additions we demonstrated the conditions

necessary for vibronically enhanced exciton diffusion and for

partially coherent exciton migration.

The second thrust area is the development of new vibronic

laser materials. This work focused on the synthesis and spectro-

scopic characterization of 4d and 5d transition metal ions as 1

doPants in crystalline hosts. Techniques were demonstrated for

minimizing charge transfer emission and maximizing d-d emission.
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Experimentally, one usually works with crossing be solved exactly in this case. However, they can be
angales large enough that case I applies and Eqs. solved approximately whenever the pump beams are
(13), (14), or (15) will be applicable. However, it is well below saturation intensity.
of interest to derive the expression for scattering ef- Defining a as
ficiency for very small crossing angles in certain
limiting cases to discover what new effects should ao(i - [I+6 b ' /s
be expected in this situation. (I I ±62) /I]

Case 1I: 0 is small the output intensity of the signal beam can be
If 0 is very small, then A,(:) and A,(z) do change formed from the solution of Eqs. (7) and (8) (Ref.

appreciably over X . Equations (7) and (8) cannot 15) to first order in IAbAa, 11s,

AO) L a 2 Ib'AP(L) - e - RL

X + k(lI-cos6)Is 13aRsin[k( I-cosO)L +A] -aicos~k(l -cos6)L +AI

12 1AbAaiaR sin fk( I-cosO)L +A _si _W_____)

41 , i f k I- cosOeL 1Of k I- cos0)L. 1
k( 1 -cos6) 5 [k(l -cosO) [ 2 cs 2

16)
The scattering efficiency is then

-q L a 2(IbIa/I2)exp[2aoL/(1 -- 6 2 )]exp( -2aRL1

2 1AbAa IL
X L + -3aRin[k( I-cos6)L +A]-aicos[k(lI-cosO)L ±A]

k( I-cos0)Is

l2;:AbAa,1aR snkI - cosO)L + .i k(l-cos6)L

k2 I -cosO ) Is ji

4,4 A,,~ a, I 01 k -cosO)L ~COS 0(1-cos8)L A~I 7
kI -coSstf I t Iu-cost)) si 2 J2

Important information about the type of effects adjustments superimposed on an "envelope signal-
expected at small crossings angles can be obtained that is insensitive to vibrations and precise align-
bv examining, Eqs. (16i and 17). One can see that ments. The observation of this type of behavior is
all of the terms that are first order in A~b,', II discussed in the following section.
vary sinusoidally with the phase moismatch A of the
two pump beams. If the pump beams are within
the coherence length of each other. then IV. EXPERIMENTAL RESULTS

A 2r / ALwhere AL is the difference in path AND INTERPRETATION
lenvth. Ail terms that are first order in .4.4,,a II.
will therefore he excentionmaliv sensitive to %ibra- Information about spatial energy migration in
rions and to precise ali'gnment of the pump beams. Nd, La: -x,5 0 4 crystals at room temperaturewa
Thus at -try small angies. Eqs. lbIt and '17, predict obtained using the FWMv configurntion descnbed
the ohs;erx-cd signal beam to have a -.component that pre~iously and observing the decay of the Braizz
o1;c;Ila~tte ver raidly due to villrations or minor diffracted signal beam. Useful data was obtained
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A,(z) =A,(L )exp[$ secO(z -L)] (9)

where A, (L) is the incident probe-beam amplitude and . is the complex absorption coefficient given by

aol -i6) l + +(lb/IS)+(Ila/IS) 2 IbIa//l (10)'
-- (l~i : I +(lb/Is)+(Il Ils)]"- 4 l1 b/la "

With the use of the boundary condition that there is no incident signal beam, i.e., A,(O) =0, the solution to Eq.

(8) is

A,() -AP(L) A .! " I [[ + b +I,0 )IS]
isec0- 1 Is (l+(Ib+l.)/s-2IbI/Is]

x exp[ 2secO(z -L )] -exp[4(z -L)] . (11)

One quantity of interest is the signal-beam intensity as it exits the sample AS(0) i 2, since this is an experi-

mentally measureable quantity.

2A( - (1b la /IS 4 1 + ( b /Is )+ ( a/ s )]2
' , [l) + lb /IS)_4(I.ls)_2i4,/6 ],2[AP ( L ) I ' / s ec O - l1)' ]

x exp( - 2 RL -+-exp( -2 RsecOL)-2exp[-R(l +secO)L]cos 1 ,( I -sec0)L]I , (12) |

where .SR and are the real and imaginary parts of Eq. (10), respectively. Normally in a degenerate FWM

experiment the two pump beams and the probe beam are obtained by splitting one laser beam into three parts.

When this is the case, one sees from Eq. (12) that the output signal-beam intensity will vary as the cube of the

laser power.

A good measure of the "scattering efficiency" -q of the FWM processes is the ratio of the exciting signal

beam .4, 0 2 to the exiting probe beam in the absence of the pump-beam interactions. With the use of Eqs.

(9) and 1 10), we have

Ap(0) E, =O A (L) 2expj -[2ao/(1 +82)]L I

The scattering efficiency 7 is then given by
II./I ,)[lI t-(Ib /I (I,,ls)] exp[ 2a (L/AIl-- 5 ]

l b/IS J(I/lS ]-2b1./I (secO- I)-

'I expl -2RL -expl -2, Rsec0L)-2exp[ -_ R l +sec0 L ]cos[. /i 1 -secO)L11 •,13)

The dependence of the scattering efficiency on crossing angle can be clarified somewhat whenever

'L I -sec0) is small. This will usually be true since the experiment does not work well if

'i) :L is large since the beams are than essentially extinguished in the crystal.

(ii) 1 is very large since the output signal-beam intensity decreases with increasing 0.

Thus under this condition, to first order in 'L (1 -sect) , Eq. (13) becomes
a' Il /IsA[ 1 I 1. / I s ] 2L ~e xp ( -2ZRL exp[2aoLi1l+82 ]

I -- I +1, /. -b, /[- 1 -ffRL( 1 -secO )]

14)

Equation ,14, shows that the scattering efficiency

decreases strongly %kith increasing crossing angle (. a L ' , azL I

Whenever the pump intensity is well below the - 1+ - (1-sec8O,

,;aturation intensity, to lowest order in (I, "a b /IS

the scattering efficiency reduces to 15
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, (Z) 3A, (E2AE* + E, 2AE
2ike" °" cos 9e . ____A ( -kk 2 e"t'.(E) E 0 +AE-

8 "-ez =Is-4-- E0

(5)

where k-' .'2= k5,, 2
The only terms of interest on the right-hand side are those that satisfy the phase matching condition, i.e.

those terms that synchronously drive the left-hand side as either exp[i(wt- k,.F] or exp[i(cot - k'P.Fl). De- _
fining the pump-beam intensities as Ib = i,4b 2 2 and I I A , 2, Eq. (5) becomes,

cosOe -Zp.'pz__ P e-i.'Olz - oE =_ 1--5 2)2

z +ez -- (Is+IE..

=((Is+IEoI2)(Ape - P +Ase

-(Ib + Ia)(Ape -- i P+Ae -k)-ApAbA2 e i-

-AAbAae - k ;IA:Aexp[-i(kp-ks)'r]HApe iPr

-AbA*exp[i(kP -k).r]Ase -i,.-) (6"

The phase mismatch A of the two pump beams is given by A=dbb-6., where Ab= Ab exp(idb) and
A, = A. 1 exp(i~h.). Since the signal beam is much weaker than the probe beam for this type of FWM experi-
ment, Eq. (6) leads to two coupled wave equations. Along the z axis, these are

aAp Z -p (Z)A Z 7)

8z)P~z)A,(z)=Q(z) , 8) .
az

where

-a) Es 21-i5) Is- 'AbAa ,expi+i[k(l-cos)z-4-A] ]

cos0 [ s).S+'b+!+ 2 AbA 0 cos(k(I-cosO)z-+A]J

Pfs=-a( Es 211 8-AbA. ,exp-i[kUI-cosO)z+IA]I
PIs-Ib -I+ 2 'AbA 0 cos[k(l-cosO)z+A] 2

and

-. , E I -i6 .4bA, e"',4P z)

ll- lb-a-2 AA 0 cos[ktl-cosz--A]L'

It can be seen that p(z). Ptz), and Q(z) each oscillate with z with oscillation wavelength X,=;/(I -cosO. -

The solutions to Eqs. (7) and (8) fall into two categories, depending on whether or not p(z), P(z). and Q~z) os-
cillate rapidly oer distances where AP z) and .4, (z change appreciably. These will be treated separately.

Case 1: 0 is not small

If 0 is not small, then .4p'z) and .4,(z do not change appreciably over _,. Since p(:1, Piz,. and Qfz then

oscillate many times over distances where .AVzI and A,(z; change appreciably. they may be averaged over an
oscillation wavelength. The solution to Eq. 17, is then
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- .- - The assumptions will be made that all beams are
V linearly polarized in the same direction, with the

a, ;pump beam electric field given by Eb(Ft) and
Ea(Ft), the probe field as E,(it,, and the signal

beam as E,(i't). If the z axis is taken to be along
S agg Cotjc, ,the pump beam with electric field E., then the con-

-- figuration will be as shown in Fig. 2 which is simi-
tb .%_" lar to the geometry of Refs. 7 and 9. By making

" the "parametric approximation" that the pump

beams are undepleted in the media, then the four
X. ,electric fields are given as

Ee)= We *1*
0) 3 Aa )

' ,°" : ~ ~~E( Ft ) = A(z)eiC~e -- _ i

z-0 Z. Eb(F,t)=Abei tekpr

FIG. 2. (a) Grating formation geometry. (b) Conser- • i" -r
vation of wave vector and the Bragg condition. (c) Sam-
ple and electric field geometry. The wave equation that these fields must obey in

observed signal properties. No attempt is made to the material is

relate these results to specific material properties A 2E a2P (1)
since important properties such as dispersion in the V 2E- o. 0-t 2 =/-0 (t21)
excited state are not included in this simple model.

In the FWM configuration generally used to where c0 is the permitivity constant, /g is the per- -.

study energy migration, a.laser beam is split into meability constant, and P is the polarization. The
two strong "pump" beams of wave vectors ka and polarization P may be expressed in terms of the sus-

kb, and a weaker "probe" beam of wave vector k ceptibility as
which counterpropagates against one of the pump P(E)=EoX(E)E. (2)
beams. This is shown in Fig. 2. The two pump
beams interfere in the medium and optical absorp- The media can be modeled as two-level system with
tion by the active ions creates a spatial distribution the susceptibility given by 9 ' t

14

of excited states with a sinusoidal pattern of
wave vector I,k b-kWa. Corresponding to the VE)=-2a I i+6 (3)
grating wave vector k8 is the grating wavelength k 1 +82+ j E/Es 12
given by A=X/(2sin0/2), where k is the laser
wave length and 0 is the crossing angle of the two
pump beams. The depth of the grating can then be where 6 is the normalized detuning from line
ascertained by Bragg diffraction of the probe beam. center, ' E,2 " is the saturation intensity, and a0 is
With the probe beam counterpropagating against the line center small-signal field attenuation coeffi-

the pump beam which has wave vector kb, the cient. The total pump-beam electric field
Bragg condition requires the scattered signal beam Eo=E.+Eb will have a much larger amplitude
to have wave vector k,= k - k= - k , which im- than the sum of the electric fields of the probe beam
plies that the signal beam counterpropagates back and the signal beam AE =E p +E. Thus the polari- -
against the pump beam with wave vector k, (see zation can be expanded to first order in AE/E 0 to
Fig. 2). obtain 9

SE "AE* E 0 I&E)
P(E_-AE)=e ot .V(Eo) Eo+AE- -4-E0  E)IS+ rEo0 j

whereIs= E -2(1+8-).
With the use of the slowly varying envelope approximation, &,A ,/3z 2 << ki)Ai/l ,, i =p Eq. (1) be-

comes

• ' . _ ..-. . . . .. ". . . . . -... - .- ' . " . : . . - " .. . -
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acid.'' The crystals grown were greater than 4 cm made up of overlapping 2G,. and 4G7, 2 levels.
in cross section, which allowed samples of various There is then rapid radiationless relaxation to the
crystallographic orientations to be cut and polished. 4F312 metastable state from which the fluorescence
The three samples studied had fractional concentra- emission occurs to the various components of the 'I
tions of Nd 3, ofx =0.2. x =0.3, x = 1.0. ground state term. The excited-state relaxation oc-

The experimental configuration used for this curs on a time scale too rapid to be detected by this
work is shown in Fig. 1. The 5145-A line of an ar- experiment. The energy migration occurs while the
gon laser was used because it falls on the edge of ions are in the metastable state, and it is the dif-
one of the absorption bands of Nd3 + . The beam is fusion coefficient of this mobile excited state which
sent through a I-m focal length lens and then split is measured by this experiment.
into three beams. The weak probe beam (labeled p
in the figure) is split off using a variable beam
splitter. The two pump beams (labeled a and b in III. THEORY
the figure) are split off using a 50-50 beam splitter.
The path lengths of the pump beams must be The theory of FWM has recently been addressed
within the coherence length of the laser, but the in several papers ' - 12 using two fundamentally dif-
probe beam path length is purposely made much ferent approaches. References 6 and 8 model the
different to discourage gratings formed through the system as the probe beam Bragg diffracting off of a.
interference of the probe beam with one of the sinusoidally varying complex index of refraction
pump beams. The probe beam is aligned counter- grating. This is useful in studying the physical pro-
propagating to pump beam b. This probe beam is cesses that destroy the grating in time. This is espe-
then Bragg diffracted off the interference grating cially important in exciton-migration studies, and
formed by the interaction of two pump beams in the results of this theory will be used in Sec. IV to
the sample so that the diffracted signal beam (label analyze experimental data. References 7, 9, and 10
s) counterpropagates back along pump beam a. The model the system by explicitly considering the non-
signal beam is then picked off using a beam splitter linear wave equations where the electric fields are
and directed into a photot.oltiplier tube. To coupled by the nonlinear susceptibility in the ma-
analyze the transient behavior of the grating decay terial. Furthermore, Refs. 9 and 10 consider the
both of the pump beams are mechanically chopped, mechanisms creating this nonlinear susceptibility by
and the decay of the signal beam is monitored using modeling the system as an ensemble of two- and
a boxcar integrator and x-y recorder. The optics are three-level atoms, respectively. This approach
slightly misaligned to prevent feedback into the yields important information about the steady-state
laser. In addition, various orientations of polarizers scattering efficiency. In interpreting FWM data it
have been used to decrease background light levels is important to understand the signal properties as
and an LSI-I I computer system has been used to fully as possible, and thus in discussing the results
analyze the data. in Sec. IV theoretical predictions of both ap-

The laser directly pumps a Nd3 absorption band proaches are utilized. The Bragg scattering ap-
proach is used to directly determine information on

"A exciton diffusion,'' and the nonlinear interaction
model is used to explain the dependence of signal
strength and stability on alignment characteristics.
Previous work with the latter model assumed

- .phase-matched, counterpropagating pump beams.
L*SER as M The FWM scattering efficiency is rederived below,

__S___ __ - modeling the media as a two-level system as in Ref.
aS US AMPLI9 but including important extensions to the theory

consistent with the configuration used for exciton-
migration studies. It is recognized that this treat-

t o AvEPACER - P! ment using interacting plane waves in a !wo-level
system must be considered only a rough approxima-
tion to the real case of focused Gaussian beams' in

FIG. I. Experimental configuration for transient grat- a multilevel system Nd . However. the eneral
hng meastremet. Beam a and are the pump beams. features of the signal intensity predicted by the sim-

am ,'p u the prebe beam. and beam us the signal beam. plified model are still useful in understandtmg the

" S. . '" " " "
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3 The use of degenerate four-wave-mixing techniques to investigate exciton migration in
highly concentrated laser materials is discussed. A theoretical derivation is presented of the
signal beam intensity for this technique using the geometric arrangement common for
energy-transfer studies. The results demonstrate effects that occur when the pump beams
are not exactly phase matched and the instabilities encountered for very small pump-
beam-crossing angles. Applying this technique to crystals of NdLal-,P5 014 shows that
exciton diffusion takes place in a given direction with diffusion lengths between 0.18 and
0.36 Asm for samples with x ranging from 0.2 to 1.0, respectively. Fluorescence quenching
is shown to vary linearly with concentration at high values of x and quadratically at low
values of x. This is consistent with an exciton migration and trapping mechanism at high
concentrations and cross relaxation at low concentrations.

I. INTRODUCTION troscopy techniques in which an excited-state popu-
lation grating is established and probed by chopped

We report here the results of an investigation of laser excitation. This form of transient grating
the properties of exciton diffusion in spectroscopy has been shown to be an important
Nd.,La 1 -xP 50 14 crystals using degenerate four- method of determining exciton diffusion lengths in
wave-mixing (FWM) techniques. Preliminary re- organic solids,6 and has the important property of
suits of this work were given in Ref. 1. This paper being able to detect spatial migration of energy
presents a detailed derivation of some of the without spectral diffusion.
theoretical aspects of FWM, as well as extending Although the theory of FWM has been developed
the experimental data to an additional mixed crystal by several authors, 6 - 2 the form of the expression
with a different composition and discussing the describing the scattering efficency is different de-
relevance of these results to the understanding of pending on the specific experimental orientation
the concentration quenching characteristics of this used. In Sec. III a derivation is presented of the
material. FWM scattering efficiency expression assuming the

Investigating the optical properties of the so experimental arrangement important for exciton
called "stoichiometric rare-earth laser materials" migration studies. Several aspects of this expression
has been a topic of great interest in recent years, due are discussed which have not previously been ad-
to their possible important applications as "mini- dressed in other theoretical treatments. In Sec. IV .
lasers. "2 Understanding the concentration the experimental results obtained from FWM mea-
quenching in these materials is of specific interest surements on Nd.,Lai_,P 5 O14 crystals are discussed
since it is quite different from other rare-earth laser and the properties of concentration quenching in
materials. Past work involving both site-selection this type of material are investigated.
spectroscopy' and fluorescent line narrowing spec-
troscopy5 has shown that at low temperatures spec- II. SAMPLES AND EXPERIMENTAL
tral diffusion of energy does not take place. How- APPARATUS
ever, spatial migration of energy has been observed
over long distances at room temperature,t and the Large size single crystals of high optical quality
details of this process are described here. These Nd,, La IxP 5 O1 4 were grown by the previously
measurements were made by degenerate FWM spec- described flux technique from hot phosphoric
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II. CHARACTERIZATION OF EXCITON DYNAMICS IN STOICHIOMETRIC LASER

MATER I ALS

The following three manuscripts describe the results of

characterizing the Properties of exciton dynamics in NdxLa 1_ .

xP5014 crystals. These materials are important for applications

as low thresholds high gain "minilasers". The results of this

work are of Practical importance since they demonstrate the role

of exciton diffusion in concentration quenching which affects the

quantum efficiency of these materials. From the Point of view of

fundamental PhYsics, these results are exciting in several

respects. They Provide the first measurement of the exciton

migration Properties of this type of material and the first

observation of vibronicallY enhanced and partially coherent

exciton migration. Some of the mathematical background for

interpreting the Properties of four-wave mixing signals in mulit-

level systems is developed in the Appendix.
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branching ratioa lifetimes, and quantum i44iciencisi were

determined for these metantable states. MultiPhoton absorption

cross sections were determined for two types of transitions and

radiationless relaxation rates were obtained for several decay

processes including the 5d-4f transition.

The final thrust area involved a determination of the photo-

refractive properties of LINbO3 using holographic grating

techniques. The most important results were found from - -

monitoring the changes in the erasure decay patterns of the

gratings as a function of thermal annealing treatments. This led

to the development of a model to describe the charge relocation -__-.

dynamics involved in producing the Photorefractive effect. This

is based on the presence of trap modulated mobility of two types

of charge carriers. Charge carrier densities, relocation rates,

and relative trap concentrations were determined from analyzing

the results using this model.

r.2 Publications and Personnel

The work Performed during the three years of this contract

resulted in eleven Publications, one doctoral thesis, and

numerous unpublished Presentations and colloquia. These are

listed in Table 1.

The Personnel making major contributions to this work

include the Principal investigator, Richard C. Powell, and

several visiting professors, post doctoral associates, and

graduate students. Dr. George Venikouas worked on this Project

for two Years before becoming a scientific staff member at the

Electro-OPtics Materials Division of Union Carbide. Professors
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The most important result of this work was the demonstration of

* tunable single pass gain in RbCaF3 ,Rh
2 + crystals. The Peak gain

coefficient is significantly higher than that of other transition

metal ion vibronic laser materials.

The goal of the third thrust area was to improve materials

already demonstrated to be useful in tunable vibronic laser

systems. The first project in this area involved characterizing

the nonlinear optical Properties of alexandrite crystals

(BeA12 04 ,Cr
3 +). The signal beam efficiency and decay rates from

four-wave mixing were determined as a function of laser power.

The results are consistent with scattering from excited state

Population gratings related to the difference in dispersion of

the Cr3 +  ions in the ground and metastable states. These

gratings can be selectively established with Cr3 + ions in the

inversion or mirror sites of the host lattice depending on the

excitation wavelength. The second project in this thrust area

was the investigation of inclusions appearing in Al2 G3 ,Ti
3 +

crystals. These act as a loss mechanism for the material due to

the scattering of laser light. Using laser Raman microprobe

techniques, we identified these inclusions as TiO 2 . This infor-

mation was useful in improving the optical quality of this

material.

The fourth thrust area was studying the response of laser

materials to high power, fast Pulse Pumping. The most important

results in this area focused on the multiphoton absorption and

decay dynamics of Y3 A1 5 O1 2 1Nd
3 + crystals. Fluorescence emission

lines were assigned to three different metastable states and the

*
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this is not consistent with the predictions of Eq.
~.1.0(18), the mechanism causing this component is

1 .0 scattering from something other than a simple pop-
18 . ulation grating. It is not particularly surprising
,6 (that other mechanisms create an optical Kerr effect

in a birefringent, ferroelastic crystal such as
13- 0- o.6 Nd.Laj-xPsO14, and these mechanisms will be

,2 cr~mstudied in future experiments. The slower corn-
ponent of the double exponential decay had a decay .

7.4 constant that followed the predictions of Eq. (18)

72 very closely and is therefore identified as being due
to scattering from an excited-state population grat-

7..0 ing. It is this component of the total decay constant
"Z that is of interest in characterizing spatial energy

- - - - - - migration.

S 1 0 sin
2 e1o2 The decay constant K is plotted versus sin2 (0/2)

FIG. 3. Variation of grating decay constant with the in Fig. 3. With each sample, it is seen that K varies

square of the sine of half the pump-beam crossing angle linearly with sin 2(0/2) and extrapolates to twice the

at room temperature. The shaded points are twice the fluorescence decay rate for 9 =0 as predicted by Eq.
fluorescence decay rates. (18). By calculating the slope of the theoretical fit

to the data, Eq. (18) can be used to obtain the dif- -

only for 9 > 2* since the signal beam was found to fusion coefficient D. Table I lists the values of D

be extremely unstable at smaller crossing angles. determined for the three samples. These are for en-

The signal had two components at these small an- ergy migration along approximately the crystallo-

gles. One component was exceptionally sensitive to graphic a direction. It was more difficult to obtain

vibrations and to the exact alignment of the experi- data along other crystallographic directions due to

ment, and underwent many oscillations whenever higher background scattering, but in the

slight alignment changes were made. This com- Nd0.zLa0.8 P5O14 sample the diffusion coefficient

ponent was superimposed on another much stabler along the b direction was found to be the same as
component. This small-angle behavior is exactly along the a direction within experimental error.

what is predicted by Eqs. (16) and (17). The exciton migration length in the grating direc-

Whenever the pump beams are chopped and the tion 1i can be defined as 1i = X/'2,:0. The values _

grating is destroyed by fluorescence decay and exci- obtained for 1i are listed in Table I. _

ton diffusiorn, the signal beam is predicted to decay In otder to identify the microsopic interaction

exponentialiy with decay constant K given by6
.' causing the exciton migration. the concentration

dependence of the diffusion coefficient must be as-
K= 32-,:"D/.-)sin2(O/2)-2/r. (18) certained. For a random walk resulting from elec-

Here D is the diffusion coefficient, 7 is the fluores- tric dipole-dipole interaction!'

cence lifetime of the excited state, and both 0 and k D= +[(41r/3)N oJ/3R,/, 1x" ' 
. 191

have been corrected for the index of refraction of
the sample. where R0 is the critical interaction distance. - is

In all three samples, double exponential decays the intrinsic fluorescence lifetime. .\.,, is the con-
were observed. The fast component had a decay centration of ions on the exciton lattice for
constant that was independent of 6 and did not ex- NdPqO 14, and x is the normalized Nd concentra-

* trapolate to twice the fluorescence decay rate. Since tion. Figure 4 shows a plot of D vs x " Thef linear variation of D with x"41 is consistent 'kith
TABLE 1. Exciton diffusion pnramieters in Eq. (19). The use of values of -, =350 itec and

Nd,La._,PO!4 crsta1s. . -, -4 102'1 cm- 3 and fitting the data in Fix 4

X - (tsec, D crn-isec? 1" Ilim with Eq. (19) gives a value of R, =45 .. rni,
long-range interaction distance will owerconic n.

0.2 :Q4 5.2"< 10- 0.18 crystal anisotropy which is consistent 'iuh the oh-
0.0a 174,..5 , t)-" 0.30"1.0 174 25. 10 0.30 servation that the diffusion coefficient i the anie1.0 124 5.1 ", 10-' 0.36

along the a and b directions.

" -. A "
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FIG. 4. Concentration dependence of the exciton dif- FIG. 6. Concentration dependence of the quenching
fusion coefficient at room temperature. rate at room temperature for samples with low Nd con-

centrations.
Next, it is important to determine the role played

by the exciton migration in the concentration concentration for the three samples with smallest
quenching properties of the material. The quench- values of x. It is seen that for these low-
ing rate is given by concentration samples, the quenching rate varies

WQ = - - -0
-

, (20) approximately quadratically with concentration,
'Q which is consistent with an ion pair cross-relaxation

where r is the measured fluorescence decay time quenching mechanism. -
and 7 0 is the intrinsic fluorescence lifetime in the
absence of concentration quenching. Again taking
0 = 350 jtsec the fluorescence lifetime and quench- V. SUMMARY AND CONCLUSIONS

ing rate plotted versus concentration in Fig. 5. At
high concentrations the quenching rate varies Three important results have been described in
linearly with concentration as shown in Fig. 5. This the preceding sections. The first is the derivation of
linear concentration dependence of the quenching the expression describing the intensity of the FWM
rate together with the long exciton migration signal beam in the typical configuration used for
lengths listed in Table I indicate that the dominant studies of exciton dynamics. This shows the effects
quenching process in the higher concentration of not having the beams exactly phase matched and
Nd LatlP Oi4 crystals is an exciton diffusion and the instabilities that arise for very small write beam
trapping mechanism. At low concentrations the crossing angles. The latter effect was encountered
quenching rate no longer varies linearly with con- experimentally. The second is the demonstration
centration as can be seen in Fig. 5. This region is that excitons diffuse over an average distance of
expanded in Fig. 6 where the quenching rate is plot- 0.36 Ium in a specific direction in NdPO 14 at room
ted both .ersus concentration and the square of the temperature. The third is the implication obtained

from the concentration dependence of the fluores-
cence quenching that at very low concentrations

.-.. - quenching occurs through cross relaxation while at
S.-- high concentrations the quenching mechanism is

X exciton migration to sinks.
/ /There has been significant controversy in the

Sliterature concerning the concentration quenching
-mechanism in stoichiometric laser materials and

/ '-" whether exciton diffusion occurs in these materials
* -. or not. The arguments on these subjects have been

- discussed elsewhere and will not be repeated
here.'- 7 Some of the discrepancies in data reported

- . -"previously may be due to differences in sample
quality since it has only been recently that it has

f I', C ncentration dependence of the tluorescence been possible to obtain good single crystals of large
V!'ic " tl! L,.fl'LJng rate at roim temperature. size and high optical quality. 13
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The results reported here showing that different tained on sinilar EuP.O14 crystals which show the
quenching mechanisms are active in high- and low- excitons to be delocalized.19 Attempts are currently
concentration samples are consistent with the ob- underway to repeat these FWM experiments at low
served differences of the effects of high pressure on temperatures to determine the role played by pho-
the optical spectra of stoichiometric rare-earth ma- nons in the exciton migration and trapping process.
terials.ls The exponential shape of the population However, additional experimental complications
grating FWM signal decay indicates that exciton such as added background scattering from dewar
motion is diffusive at room temperature.6

.
1
1 The windows and reduced absorption of the signal

nature of the trapping sites and quenching interac- beams have so far inhibited low-temperature mea-
tion has not yet been determined. The sample sur- surements of this type. These will be pursued fur-
face has been shown to play some role in the ther in the future as well as additional investiga-
quenching but it does not appear to be the dominant tions into the nature of the unexplained angular-
quenching site.5 Also it is important to note that independent scattering mechanism.
hydroxyl radicals which were known to cause
quenching in early materials of this type are not
present in the high quality samples used in this ACKNOWLEDGMENTS '.
study.
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Abstract

Recent results are presented on the exciton dynamics of NdxLa1_xP5014 crystals obtained
using four-wave mixing spectroscopy.

I. introduction

We have been characterizing the spatial migration of energy In -ixed neodymlum-lanthanum
pentapaphosphate crystals using degenerate four-wave mixing spectroscopy techniques in which
an excited state population grating is established and probed by chopped laser
excitation.l. 2 The results show that diffusive exciton migration takes place over long
distances in these systems and that the effects of phonons in limiting the difusion process
are quite different in stoichiometric materials versus mixed crystals.

The experimental setup used for this work is described in ref. 2. An argon laser-puped
tundble dye laser with rhodamine 6G was used as the excitation source. The dve laser was
tuned to the peak of a Nd 3 + absorption line and the output was split into three beams, two
string pump beams (a and b) which enter the sample from the front and a weak probe beam ;
which enters the back of the sample conjugate to one of the pump beams. The scattered probe
beam is detected as a signal s by a RCA IP28 photomultiplier tube. By mechanically chopping
the pump beams the decay curve of the signal beam can be measured using a boxcar integrator -

and signal averager. The sample is mounted in a cryogenic refrigerator capable of
tfnperature variation between 10 K and room temperature.

The interacting pump beams form a sine wave pattern which creates a population grating of
Nd3+ ions. There are a high density of excited ions at the peak regions of the grating and
a low density of excited ions at the valley regions of the grating. Because of the
differences in polarizability in the ground and excited states, the probe beam Bragg
diffracts off this grating. When the pump beams are cut off, the signal beam decays as the
grating decays for two reasons: the fluorescence decay of the excited ions and the
migration of the excitation (or excitons) from the peak to the valley regions of the
grating. The equation describing this decay is

Is(t)= Iple 2 e- Kt ()

where

K- 2 /T + (32, 2 D/A 2 )sin 2 (9/2). (2)

'fere T is the intrinsic fluorescence decay time, D is the exciton diffusion coefficient, and
9 is the crossing angle of the pump beams. If the exciton motion is not diffusive, it has
been shown that the equation describing the signal decay is quite different from this and
specifically is not purely exponential as predicted here. 3

II. Results

Using relatively low .lser powers the signal decays as a pure exponential and with the
use of the signal averager we achieve excellent signal to noise ratios. The observed
exponential decays indicate that the exciton migration is diffusive at all temperatures
between 10 and 300 K for samples with Nd3+ concentrations between 20 and 100%.

Figure 1 shows the measured values of the grating decay rate plotted versus the sine squared
of half the puip beam crossing angle for sanples with two different Nd3+ concentrations at
26K. The solid points represent one half the fluorescence decay rates obtained by
ixiepenlent ms'r.:'.ents. The straight lines ..re the best fits to the data using Fa. (2).
As predicted, , e ;ata lot ted This way vary lincarly and extrapolate to half the decay
r4tes at o cr sing Vnge.- The xcirtn diff-=sion coefficients ca)n be obtained from' the
clDpes of the lines.

The valiles of ""e diff'jsi7.n c effi:i.en's !ined hv tis tcW'il e are listed Tahle 1.
in 'he ..e jifft:s-p . th is of the (c.r r -f '"alf a -icrn. The -'-;s of D
are : n :::c&!"Iv "i - r . V 7,e :s :" .' -, tr , ,r tC..',i;rr -. ratil'n ,-- - :,:. , t

ei2l "



ions in solids, but ts is oonsistent with the much higher concentration of ions in these
systens compared to the u!sual lightly doped -taterials.

The temperature dependence of the diffusion coefficients are shown in Fig. 2. Obviously
the temperature dependence is quite different in the 100% sample and the 20% sample. In the
former D is essentially independent of temperature while in the latter there is a
significant increase in D going from about 100 K down to about 10 K. These observations of
the differences in temper-ature dependence are difficult to understand.

III. DiscussiQn

The diffusion coefficient can be expressed in terms of the exciton velocity and either
the mean free path or scattering time,

D-1/3 <Amv>1/3<tsV2>. (3)

One special cse which is generally ture for lightly doped rare earth systems is the nearest
neigh bor hopping model in which the mean free path is just the distance between rare earth
ions and the velocity can be expressed in terms of the ion-ion energy transfer rate. The
temperature dependence of D is contained om this latter factor which is proportional to the
oscillator strength of the transitions f and the spectral overlap integral n,

D-1/3 (a2/th)=1/3 (a2w) (4)

where

W(T) afifj n. (5)

The latter factor increases as temperature increases which is not consistent ,-ith the data
in this case. The oscillator strengths have been shown to be independent of concentration
in this system4 and thus any temperature dependent changes in f should be the same for both
samples which is again inconsistent with experimental observations. Thus we can rule out
the nearest neighbor hopping model as a way of interpreting data for these highly
concentrated systems.

In the general case, the scattering time or mean-free-path of migration of excitons can
be limited by several different types of scattering events the most common of which are
listed in Table 2. Agronovitch and co-workers 5 have derived the temperature dependences
associated with each of these mechanisms. Obviously a variety of temperature dependences
are possible depending on the type of phonons or defects which dominate the scattering
process. lowever, both because of the various assumptions which had to be made about the
electron-phonon coupling in deriving these equations, and because several mechanisms may be
active simultaneously, it is difficult do any quantitavely fitting between theory and
experiment.

However we can formulate some general assumptions of a model which gives a consistent
interpretation of the observed results and is the only model we have found for doing this.
The first assumption is that only optical phonons are effective in scattering the excitons.
This is reasonable since in these highly concentrated materials energy will move between
ions Aithin the wave length of acoustic phonons and thus the energy levels of both ions will
be modulated simultaneously by these phonons. In contrast, optical phonons will modulate
the position and energy of one ion with respect to its nearest neighbor and thus be
effective in exciton scattering. Thermal diffusivity measurements9 indicate that the Debye
temperature is around room temperature in these crystals and thus lattice phonons should be
contribute to a t-nperatire dependence of the diffusion coefficient. The excitons in the
100% sample are then limited by boundary scattring and thus D is independent of temperature.
These boundaries may be surfaces, grain boundaries, or ferroelastic domain boundaries.

Freviozs neas,ireents have shown an increase in energy migration rate with increasing
hydrostatic pressure which may be due to decreasing the number of grain boundaries in the
crystal. 7  The final ass'imption is that the dominant scattering in the 20% sample is by
thermally activated defects. These can be thought of as localized phonons around the
lanthanum inpurity ions distributed randomly in the lattice. This type of scattering center
predicts the type of :' mperature dependence of D observed in the sample. 5

Altho'h -e 'i e ro .nnc!usive proof of the validity of this model, it is the only method
we "ve -een ,h'e to f-nd for interpreting the observed t--rperature dependences of the
eci -on if f: i:r, c , iffj ient in these cr.stals.

.Aci' mow i e. gn o," n t s

"y . !7e .. Y .\ -0rch -,ffice ind ":<9tAi2nal Sci-ce F-ntion" ".
C:r:nt N~o. -?-' -79";6 52,
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Table 1: Diffusion Coefficient In NdxLai-xPSO14

T(K) D(10- 6 cm2s-1 )
X=0.2 X-1.0

12 5.2 8.2

Table 2: Teiperature Dependences Of Exciton Mean Free Paths

- S a._catter ing Me1atrsm A (I

Acoustic Phonons T-1
Optic Phonons T-1. T>T D

C , TcTD
Boundaries L
Thermal Defects exp(u/kT)

0.0 Q5 tO V5
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Fig. 1. (rating decay constant as a Fig. 2. Te-lieratn-e dependence of
r'nztl Ti of rp bexn crossing angle for the exciton diffusion coefficient for two
..D eis at low teT*ratie. (See text co-ples.
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Four-wave mixing has been investigated in Nd.LatzPsO 4 crystals as a function of temperature,
laser excitation wavelength, and power. The results are interpreted in terms of scattering from a
population grating, and the relative intensity of the scattered signal is investigated as well as the
grating decay time. The power dependence of the scattered intensity is explained by a model involv-
ing interaction with a three-level system, and the properties of the grating decay are associated with
the exciton dynamics of the ions in the excited state. Decay patterns characteristic of both in-
coherent and partially coherent exciton migration can be observed under different experimental con-
ditions. Enhanced migration due to vibronic generation of phonons resonant with the metastable
state splitting is also observed. The temperature dependence of the results shows a weak coupling
between the excitons and the acoustic phonons of the host. Local heating effects are found to affect
the ion-ion and ion-phonon interaction parameters and produce a thermal grating under certain ex-
perimental conditions.

I. INTRODUCTION variation of scattering efficiency as a function of pump
power is reported. The results show that either incoherent

The dynamics of quasiparticle transport has long been a or partially coherent exciton migration can occur depend-
topic of fundamental interest in solid-state physics. Exci- ing on the initial excitation conditions. They also show
ton migration among ions and molecules in highly con- the effects of local thermal heating on excitation-
centrated crystals represents an important special case of migration parameters.
this type of problem. Two of the most important ques- The details of crystal growth and sample properties
tions which have been extensively addressed theoretically were described previously.' 3 Figure 1 shows the pertinent
concern the distinction between coherent and incoherent energy levels and transitions for this study. The dye laser
motion - 3 and spectral variations in migration efficien- with Rodamine-6G pumps the Nd3+ ions in the region of

4cy.- 6 It has proven to be quite difficult to find the ap- the absorption band consisting of overlapping levels of the
propriate experimental techniques and crystal systems to 2G7 /2 and 4G52 manifolds. With high-energy vibronic
provide the data necessary to verify the theoretical predic- excitation a photon is absorbed and a phonon is emitted.
tions. We report here the results of using four-wave- Rapid radiationless relaxation to the 4F 3 /2 metastable
mixing transient-grating spectroscopy to characterize the
properties of Nd 1 La, _.P5 Ol4 crystals. This work demon-
strates the powerful capabilities of this experimental tech- 20nique for studying exciton-transport properties. 2G/ 4G5/

The technological potential of rare-earth pentaphos- G' /2phates as minilasers has made it imperative to understand

the basic optical properties of this class of materials.7 An
interesting dichotomy has developed in comparing the re-

I I bsults obtained from site-selection laser spectroscopy tech- - tE 1 mniquess - o which monitor spectral energy migration with E i 3/2 a E=11lcm'l

results obtained from coherent transient techniques" rn .10
which probe the spatial delocalization of the energy. The -
former indicate that weak spectral transfer occurs, while ______-_

the latter show the excitation energy to be spatially delo- I

calized. Our initial investigation using four-wave-mixing
transient-grating spectroscopy produced results which
demonstrated the existence of long-range exciton diffusion
in NdzLa_,P.O, 4 crystals at room temperature. 2 In L0 4 1 J

this paper we present the results of an investigation of the g/2

exciton-diffusion coefficient as a function of temperature, FIG. 1. Partial energy-level diagram for Nd"+ showing the
laser-pump power, and excitation wavelength. Also the excitation and emission transitions of interest to this work.

4 29 6074 1984 The American Physical Society
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A

state then occurs. Fluorescence occurs from this level to tics different from the others, and thus it is generally pos-
the various components of the 4j term. An extensive sible to determine the dominant physical mechanism giv-
amount of work has been reported on the conventional op- ing rise to the scattering for a specific system under given
tical spectroscopy of this material. 1

4 -  The energy in the experimental conditions. There are two different ap-
metastable state can be transferred from one Nd ' ion to proaches to describing this physical process. 7- 9 One is
another and this mobile excitation energy is treated as a through the use of Maxwell's equations and the suscepti-
Frenkel exciton. bility of the material to account for the nonlinear interac-

tion of the laser beams in the solid. This method is gen-
II. FOUR-WAVE-MIXING TRANSIENT-GRATING erally used to determine the signal-generation efficiency as

SPECTROSCOPY discussed in Sec. VI. The other approach is to treat the
process as the scattering of the probe beam from a grating

Figure 2 shows a block diagram of the experimental formed by the interfering pump beams.19 This method is
setup used for four-wave-mixing measurements. The out- generally used to study the physical properties of the ma-
put of an argon-ion laser-pumped tunable dye laser with terial which produce and destroy the grating. For the
Rhodamine-6G dye was split into three beams. By using case of interest here, the scattering is due to a population
a variable beam splitter and a variable neutral-density fil- grating. The interference pattern of the two pump beams
ter the power in each of these beams was controlled. is a sine wave. This results in the creation of a high den-
Beams a and b are the pump beams. They are chopped sity of Nd 3' ions in the metastable state in the peak re-
and weakly focused inside the sample. Care was taken to gions of the sine wave and a low density of excited Nd3

ensure that the difference in their optical path lengths was ions in the valley regions. Figure 3 schematically depicts
less than the coherence length of the laser. The probe this population grating. 20 The difference in the refractive
beam p enters the opposite side of the sample conjugate to index of the ions in the ground and excited states causes
pump beam a and the signal beam s exits the sample con- the scattering of the probe beam. The Bragg-diffraction
jugate to pump beam b. Another beam splitter was used condition is satisfied with the probe beam directed conju-
to send part of the signal beam to a photomultiplier tube. gate to one of the pump beams and scattering in the direc-
The time decay of the signal beam was processed by both tion of the other pump beam.
a boxcar integrator and a signal averager before being The two primary experimental parameters to be mea- . .

displayed on a recorder. This double averaging technique sured are the scattering efficiency and the decay pattern
gave excellent signal-to-noise-ratio results. The sample of the signal beam when the pump beam is chopped off.
was mounted in a cryogenic refrigerator with a tempera- The former information is of greatest interest in the prac-
ture controller which varied the temperature selectively tical application of four-wave mixing to optical data pro-
between about 10 K and room temperature. cessing, while the latter information is useful in under-

Four-wave mixing occurs through the third-order com- standing the physical mechanisms which cause the de-
ponent of the susceptibility tensor. This can be related to struction of the grating pattern. Both types of measure-
local changes in the refractive index induced by the in- ments are *discussed in the following sections, but the
teracting laser pump beams. These changes can be pro- latter is most important in using this technique to study
duced by several physical mechanisms including thermal exciton dynamics. As shown in Fig. 3, the grating is de-
effects, photoconductive effects, and changes in electronic stroyed by the normal radiative and radiationless relaxa-
state populations. Each of these has specific characteris- tion processes, and, in addition, by the migration of exci-

L ASER LASER ".

LS VND C

LS a

b M.. ._

FIG. 2. Block diagram of the experimental apparatus. M, mirror; LS, lens; BS, VBS, and SBS, beam splitters; CH, chopper; PMT,
photomultiplier tube.
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FIG. 3. Schematic representation of the population grating 10.5
(Ref. 20). A is the grating wavelength. 10 0 t (1_sO 00._:.

10A. 0 250 50 350

tation energy from the peak to the valley regions of the FIG. 5. Examples of signal decay patterns observed at 12.5 K'-i
population distribution. It is this last process of exciton at 0=10". A, ).eC=5745 A;, P,.=0.03 W. B, ,ex=5745 ;•
migration which is of interest here, and the relationship Pp =0. 18 W. C, .=5724 A; Pp=O0. 18 W. x = 1. 0.
between the properties of this migration and the measured
experimental characteristics are discussed in the following
section. grating decay patterns that were observed for different

111. CHARACTERISTICS OF GRATING types of experimental conditions. These traces show the

averaging technique. Under most conditions the single
Figure 4 shows the absorption spectrum of NdP5O4 in exponential decay is observed, which is consistent with re-

the region of the laser wavelength at 77 K. This type of sults of previous work of this type. 1' ,° - 4 This pattern is
stoichiometric rare-earth material has high optical densi- always observed for the x -- 0.2 sample. It is also alwaysties in the regions of peak absorption, and therefore the observed for the x 0 1.0 sample when vibronic excitation

pump, probe, and signal beams are strongly depleted for is used. However, for resonant excitation into the wing of
this type of excitation. Strong beam depletion makes it the absorption band of the x = 1.0 sample, the other two-.
difficult to perform four-wave-mixing experiments and to types of decay patterns can be observed. The oscillatory -:
interpret the results. Therefore these experiments were pattern was observed at low temperatures using total - -
performed by exciting into the high-energy wing of the laser-pump powers of less than 30 mW. If the tempera-..]
absorption transition or by using Stokes vibronic excita- ture is raised to about 100 K, the oscillatory pattern.::.
tion. Each point in the figure represents the results Of disappears and a single exponential pattern is observed. If --
determining the exciton-diffusion coefficients for the power is increased, the double exponential decay pat-- -
Nd,Laj-_P504 samples with x =1.0 and 0.2 using tern is seen. The physical significance of these different
transient-grating data as described below. These measure- types of grating decay patterns is discussed below.
ments were made at 12.5 K using weakly focused laser Since the use of transient-grating techniques to study
beams. exciton migration is fairly recent, there has been little•.

Figure 5 shows examples of the three different types Of work done in developing and testing theoretical models
for interpreting experimental results. Several different .
types of approaches to this problem have been employed. ...
The two most useful formalisms for developing specific :...

-3:2: . f,:expressions describing population grating decay patterns..-
,o-,,- ' : are due to Fayer2° and to Wong and Kenkre. 5 Fayer's re-

.:: ; -- 4 suits have been derived for the two limiting cases of pure--._
,,' 2 ly incoherent and purely coherent exciton migration. In

ie his formalism, the latter case is applicable for the initial--:
- - experimental conditions of direct, resonant excitation into .. 2

- a • the exciton band leading to strongly delocalized states. "2
: " -. •n The Wong and Kenkre approach has been developed for ."'

--- ' *" the general case of partially coherent exciton migration as -"

D1IST _A AANCE*ALON j4&2

,' 5 " -2 -- =-:"well as the two limiting cases. The Fayer and the Wong _.9
S o tand Kenkre results have been shown to be equivalent in

FIG. 4. Excitation wavelength dependence of the xciton- the purely incoherent migration limit if the continuum
diffusion coefficient with respect to the absorption spectrum for approximation is made in both cases. However, the Fayer
Po =0. 18 W. Absorption spectrum taken at 77 K and values for and the Wong and Kenkre formalisms lead to quite dif-
D Obtained at 12.5 K. o represents data for the relashp t = . C, tepurely coherent migration limit. The
and A represents data for the x 0.2 samplen reason is that the latter is based on a generalized master-

exper-_ iment-al: chreistic- are: dic-se in t• following.:--"":"::. -":::: -:' •
section. grating_ - . decay pater. tha were observe fo different ..
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equation approach which requires the initial density ma- evolution is described by
trix for the system to be diagonal. Physically, this re-
stricts the applicability of the approach to initial experi- dPm W .
mental conditions of highly localized exciton states or =' j dt' Vm,,t(t -t')P,(t')
complete phase randomness among the wave functions.
This condition can be achieved experimentally by excita- , _W/
tion into a higher-lying energy level followed by fast radi- - Vm(t t')Pm(t') -Pm(t)/". (1)
ationless relaxation into the exciton band. As described in
Sec. I, these are exactly the experimental conditions of the Here r is the exciton lifetime and Vm.n(t) gives the rate of
work described here. Therefore, the Wong-Kenkre theory energy transfer from the mth to the nth site. This latter
is outlined below and their results are used to interpret the parameter is called the "memory function" since it re-
experimental data. The validity of this theory and other flects the degree of coherence influencing the energy-
possible theoretical interpretations of the data are dis- migration process. This function has been computed us-
cussed further in Sec. VII. ing a one-dimensional model with a time-independent,

Starting from a generalized master-equation approach, nearest-neighbor ion-ion-interaction matrix element j and . -

Wong and Kenkre25 express the probability of finding an- a single, time-independent, randomized parameter a
exciton on lattice site m at time t as pm,(t) and its time describing the exciton interaction with the phonon bath,24  " "

V, (t) =2j'e -a'([J2 -, 1 (2jt) +J,_ I(2jt) + 2Jm _ + t(2jt)Jm -, -1(2jt)]

-12.I _ ( 2jt ) +J.- ( 2jt )[ J.- + 2( 2it )+ J.-,,- (2jt)] ]) , (2)

where Jj(x) is the Bessel function of the first kind and ith order. Substituting Eq. (2) into Eq. (1) and using Laplace-
transform techniques gives 25

1,(t)= 1(O)e-u/[ I -e -4j sin(kd /2) fodu Jt(4ju sin(kgd /2))eat 2 - 2 " J , (3)

where d is the lattice constant in the grating direction. I, (t) = I (0)exp- 2t [4F sin"(kgd/2) + 1/r]
This expression describes the time decay of the grating

signal intensity in the presence of partially coherent exci- = I, (O)e -K, (4)

ton migration within the limitations of the model. where F is the transfer rate given by F 2j-/a, and
Simpler expressions can be obtained from Eq. (3) for the
limiting cases of purely coherent or purely incoherent ex- K =2[4Fsin'(kd/2)+ 1/r] . (5)
citon migration. The latter is the most important case
since it is most commonly observed experimentally. The In the continuum approximation which usually applies,

limiting conditions for this case are a- oo as j 2/a the exciton motion is considered to be diffusive with the

remains constant. The expression for the time dependence diffusion coefficient given by
of the scattered-beam intensity becomes2 5  D =Fd2 = 2jid 2/a , (6)

and so the decay rate in this case reduces to
I K =2(k-D +l/r). (7)

For the case of greater than nearest-neighbor ion-ion in-
teraction, F/2a--0, and Eq. (1) reduces to yield an ex-

- x " - ponential decay pattern ..

1 (t)=IO)exp( -2tI [a 2 + 16j 2sin(ksd/2)]l/2

2C--* +a+l/17)=s(O)e-  (8)

- - - -TABLE 1. Exciton-diffusion coefficient in Nd.Lal_,P'O1 4

crystal,.

Excitation condition D 00 - 5 ;m-s
_ _T=12.5 K. P,=0.18 W x=0.2 x=1.0

C-21:,!7)' - -2- Vibronic 0.1 0.8
Enane vbonc0.1 2.4

FIG. 6. Dependence of signal decay rate on crossing angle. Died 0.4 2.4

A and H are for x =1.0 with k...=5699 A where the former Direct_0.4__ .0 _

corresponds to T =23 K and the latter to 300 K. E and U are 'Obtained from Eq. 16) with the short-time value of j and low
for x =0.2 with X.,t= 5749 A where the former corresponds to value of a found from fitting the data obtained using a pump
T = 28 K and the latter to T 300 K. power of 0.03 W.

" i-'"__ i
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scattering from two types of gratings.
Figure 6 shows examples of results obtained by plotting

2.4 0.8 the measured signal decay rate versus the crossing angle
of the pump beams under the conditions giving single ex-
ponential decays. For each set of measurements the re-

a sults vary as sin 2(0/2), and are extrapolated to indepen-
S .2. AA -L a. dently measured values of 2/r, as predicted by the simpli-

fied form of Eq. (3) given in Eq. (7). The diffusion coeffi-
2 A A cients found from fitting these data are listed in Table I.

G-" Their variations with excitation wavelength, temperature,
and pump power are shown in Figs. 4, 7, and 8, respec-

60 120 I80 2-0 tively.
T(K)

FIG. 7. Temperature dependence of the exciton diffusion
coefficient for incoherent motion. o and C are for x =1.0, IV. CHARACTERISTICS OF THE
X ,=5746 A, with laser-pump powers of 0.18 and 0.03 W, EXCITON-DIFFUSION COEFFICIENT
respectively. A and 0 are for x =0.2, X,,,c=5749 A, with
laser-pump powers of 0.18 and 0.03 W, respectively. Figure 4 shows three interesting features in the depen-

dence of D on excitation wavelength. First, for direct ex-
citation into the absorption-band edge of the x = 1.0 sam-

where pie, nonexponential decay patterns are observed. This
K =2j [a 2 + 16j 2sin'(kgd/2)]1/ 2 -a+ 1/I (9) may be associated with partially coherent exciton migra-

tion and is discussed in the next section. The other two
In the following work we use Eq. (3) in fitting the data to features are the enhancement of D after direct excitation
determine the microscopic interaction parameters j and a. of the x =0.2 sample and after vibronic excitation 110
Then D is determined from Eq. (6) as a phenomenological cm above the absorption-band edge for the x = 1.0
parameter to characterize the macroscopic exciton migra- sample. These effects can be attributed to enhancement of .

tion. It must be emphasized that, in general, only the mi- the ion-ion-interaction processes giving rise to incoherent
croscopic parameters have real physical meaning, whereas exciton migration. In the latter case, this enhancement is
the parameter D only has an exact physical meaning associated with the creation of phonons of energy of 110
within the limiting conditions discussed in deriving Eq. cm in the vibronic excitation process. As seen in Fig. 1,
(6), and in other cases it should only be considered as a this is the same energy as the crystal-field splitting of the
parameter used for comparative purposes to characterize 4 F31 2 metastable level, and thus the generation of 110-
the mobility of the excitons. An oscillatory grating decay cm-I phonons will cause an increase in the population of
pattern is predicted by Eq. (3), although an exact fit to the excited ions in the upper component of this manifold.
experimentally observed shape is not possible due to the The verification of this nonequilibrium population distri-
limitations of the theoretical model as discussed in the bution is given by the emission spectra shown in Fig. 9. - -

following sections. The double exponential decay pattern As the excitation wavelength is scanned into the region of
shown in Fig. 5 cannot be theoretically described with a vibronic enhancement increased emission from the upper
simple grating decay expression and is attributed to level (b) of the metastable state can be distinctly seen. It

is known from the absorption spectrum 14 that the transi-
tion between the b level and the ground state has a higher
oscillator strength than the transition between the lower
level (a) and the ground state.

For both cases of interest here (direct excitation of the
x =0.2 sample and vibronic excitation of the x =1.0
sample), the assumptions leading to Eq. (6) are valid, and
thus this expression can be used for the diffusion coeffi-

S4- cient where j contains the matrix element for the interac-
" ~ * *u 0 tion, a-= t, is the exciton scattering time, and d is the

- • lattice spacing. The matrix element depends on the oscil-
1 lator strengths and the spectral overlaps of the transitions

o -involved in the interaction. The scattering time has dif-
j-L - ferent properties depending on the mechanism limiting

the exciton mean free path. 7 28 Thus the diffusion coeffi-

FIG. 8. Pump-power dependence of the exciten-diffusion cient will increase with an increase in the oscillator
coefficient for incoherent motion. 0 is for x =0.2, r= 12.5 K, strengths of the transitions involved in the energy
and ),,, =5756 A. 0 is for x =0.2, T=300 K, and ?,c=5718 transfer. The lack of increase in D in the I10-cm-I pho-
A. ., is for x =0.2. T = 300 K, and Xe,,c=5749 A. E is for non vibronic excitation region for the x =0.2 sample may
x =1.0. T=300 K, and X,=5743 A. U is for x=1.0, be due to two reasons. The first is the generation of fewer
T = 300 K. and k.,, = 5688 A. phonons in the more lightly doped sample. The second is

=- .... .. ... • " .. .. .. -" , -- . - -. - _ ::..-: . . _ ., : :: . _ .
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a 11 12 13 I4 5 There are several different types of physical processes
which can affect the temperature dependence of the dif-
fusion coefficient. With reference to Eq. (9), these pro-
cesses can be separated into two categories: those that
change the group velocity vg of the excitons, and those
that alter the scattering time of the excitons. The fact

that D is independent of temperature for low-pump-power
5 N,,, 572 nm conditions implies that the exciton-phonon scattering rate

which contributes to t, must be independent of tempera-

_ _ture. For this to be true there must be weak coupling be-
tween the excitons and acoustical phonons which are

I ?c,574.7nm present at low temperatures.28  Strong scattering may
occur from optical phonons, but at the temperatures of in-
terest in this study, which range from slightly above to

Ub,1 well below the Debye temperature, too few phonons of
b i 12 t3 t4 5 this type will be available for this to be an effective mech-
865 885 905 anism for limiting the exciton mean free path. Thus the

? t (nm) major mechanism for exciton scattering must be lattice
FIG. 9. Fluorescence emission of the x =1.0 sample at 12.5 defects and boundaries which give a temperature-

K and a pump power of 0.18 W for two different excitation independent t. This implies that the parameter a from
wavelengths. Eq. (3) in this case is dominated by exciton-defect interac-

tions instead of exciton-phonon interactions. Therefore
the origin of the observed temperature dependence at high

the greater distance between Nd3 + ions which reduces the powers must be due to processes affecting vg. These can-

number of ions available for absorbing the I 10-cm- I pho- not be intrinsic changes in parameters such as transition - -

nons. oscillator strengths and spectral overlaps since they do not

The increase in D in the region of direct excitation for occur with low excitation power. The most probable ex-
the x =0.2 sample can be explained through the proper- planation appears to be a power broadening combined

ties of site selection. The excitation transitions are inho- with the site-selection characteristics of laser excitation.
mogeneously broadened due to random perturbations in At low temperatures the laser excitation is just on the

the local crystal-field sites of the Nd 3 + ions. The edge of the resonant transition and the low value of D is

narrow-line laser excitation selectively excites the subset associated with the low concentration of the subset of ions
of ions having transitio~ns in resonance with the excitation excited. As power is increased this subset is saturated andwavelength. As the laser is scanned toward the center of ions in other subsets having Lorentzian wings overlapping

a transition, the concentration of ions in the resonant sub- the laser-excitation area become excited. This results in a
set increases. This results in an increase in D because of power broadening of the excitation spectrum so that sub- he
the increase in the density of lattice sites involved in the sets having higher concentrations of ions take place in the-
exciton migration. For the particular case of interest here, exciton-migration process. Activating these higher-
there is a significant amount of structure within the ab- concentration subsets creates an increase in D similar to
sorption band associated with the overlap of several dif- that observed when the laser excitation is scanned closer
ferent discrete transitions. This structure is partially re- to the center of the resonant transition. As the tempera-
flected in the variation of D with excitation wavelength as ture is raised, the spectral lines shift to lower energies so

seen in Fig. 4. that the laser-excitation wavelength employed is no longer

Figure 7 shows the variation of D with temperature for on the edge of the absorption transition, but rather is in

an excitation wavelength just on the edge of the resonant the vibronic sideband area. In this case, saturation and
absorption region and different laser powers. For low power broadening is less effective and there is a decrease

laser power, the value of D for the x =0.2 sample in the enhancement of D. Thus the observed temperature ...

remains constant as temperature is lowered from room dependence of D for the x =0.2 sample at high laser
temperature to 12.5 K, while for the x = 1.0 sample D is powers is essentially associated with the temperature shift
constant between room temperature and about 100 K, of the spectral line out of resonance with the laser-
below which nonexponential decay patterns are observed, excitation wavelength. The same may be true for theAt high laser powers the room-temperature values of D x = 1.0 sample, but it is difficult to tell since the region of

are approximately the same as those obtained with lower nonexponential decay ccurs as D begins to vary strongly
powers, but a significant increase in D occurs at lower with T.
temperatures. As shown in Fig. 7, D increases continu- Figure 8 shows the change in D with pump power. For
ously as temperature is lowered to 12.5 K, where it the majority of the experimental conditions investigated D
reaches a value which is approximately equal to that ob- did not vary with pump power. However, as shown in the
taied with lower powers exciting in the peak region of figure, for the x =0.2 sample at 12.5 K with excitation inresonant excitation shown in Fig. 4. The x = 1.0 sample the area of the resonant transition, the value of D in-
again exhibits nonexponential behavior below about 100 creases from its normal low value to its resonantly
K. enhanced value as power is increased. Coupled with the
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characteristics described above, this can again be attribut- field levels with stronger interaction properties. This
ed to a power-broadening effect. enhancement of j should decrease with time as the pho-

nons diffuse away from the locally heated region. This is
V. CHARACTERISTICS OF EXCITON MIGRATION confirmed by the results in Fig. 10 which show the oscil-

AFTER DIRECT EXCITATION lation frequency to decrease exponentially with the same

decay time as the thermal grating, as dscussed below.
Next, we consider the results obtained on the x = 1.0 The second possible effect of local heating is the modu-

sample at low temperatures for direct excitation into the lation of the exciton scattering rate a. As discussed in the
absorption band. For low-laser-pump powers the oscilla- preceding section, acoustic phonons do not appear to be

tory decay pattern shown in Fig. 5 is observed. The effective in scattering the excitons so any variation of a
source of these oscillations is unknown and may be associ- due to local heating would occur only if optical phonons
ated with several different types of physical processes. are generated in the radiationless relaxation process. If
One possibility is the destruction of the grating through this occurs, a would decrease with time as the optical
partially coherent exciton migration. In order to test this phonons diffuse away from the locally heated area. Ac-
possibility, the results are analyzed in terms of a partially cording to Eq. (3) this change in a would decrease the rate
coherent exciton-migration model as discussed below. Os- of decay of the grating, but would not cause the peak
cillatory patterns of the grating decay are predicted by Eq. magnitudes of the oscillations to increase with time. The
(3) from the model developed by Wong and Kenkre 5 for latter may be associated with the decrease in j with time,
certain values of the parameters j and a. However, it was which can be seen from Eq. (3) to cause an increase in sig-
not possible to obtain a close fit to the decay patterns ob- nal intensity. Although it is tempting to interpret the re-
served experimentally using Eq. (3) for two reasons. First, suits in this way, because of the similar time-dependent
the frequency of the observed oscillations decreases with changes in the magnitude and frequency of the oscilla-
time, whereas the predicted value is a constant given by tions as shown in Fig. 10, there is no way to rule out the
4j sin(ksd/2). Second, the magnitudes of the oscillation presence of more complex interference effects similar to
peaks increase with time before damping out, instead of those observed in coherent transient experiments.29

showing a uniform exponential decrease with time as The third possib!e effect of local heating is probe-beam
theoretically predicted. These variations are shown scattering from the thermal grating due to thermally in-
graphically in Fig. 10. Both quantities exhibit a similar duced changes in the refractive index. There is no evi-
exponential variation with time. dence of contributions to the detected signal beam due to

An important physical process which can affect these this effect at low-laser-pump powers where the oscillatory
results is local heating. As the excited Nd3  ions relax ra- decay patterns are observed. However, at high pump
diationlessly to the metastable state, phonons are given off powers the oscillations disappear and are replaced by a
which produce a thermal grating pattern which follows double exponential decay pattern. This can be attributed

the population grating. This local heating can produce to simultaneous scattering of the probe beam from the

three effects. The first is the variation of the ion- therail and population gratings. The slower decay rate is

ion-interaction parameter j. The magnitude of j can be consistent with those extracted from the observed single

enhanced both by thermal broadening of the interaction exponential decay patterns of population gratings.
transitions and by thermally populating higher crystal- Scattering from the thermal grating obscures the observa-

tion of any coherent oscillations which may be present.
The decay pattern of the thermal grating is given by30

- 2Krt (10)

C'© where
. lsiO)+lpT 2,rd' dn

dt 1. ,/ . , T n , T

- . -- and
- .7 . Kr= 16Ir'sin2(912)D1 ;,. (11)

Here, t is the spatial temperature amplitude, Dr is the
thermal diffusion coefficient, d' is the sample thickness,
and T% is the transmission. The thermal properties of
neodymium pentaphosphate crystds31 predict a value of
Dr <1.: 10--2 cm"s- 1. which is consistent with the rough
estimate of Dr=3 ' 10-' cm 2s- I obtained from the lead-

- ,, ing part of the double exponential decay.

FIG :0. Time dependence of the relative peak intensities and Despite -he complexities discussed above, it is possible
half-penodIs of the signal oscillations for x = 1.0. T= 12.5 K, to obtain numerical values for j from the observed fre-
P, =0.03 W. and =745 A. T,, is the penod of the oscilla- quencies of the oscillations and for a from fitting the ini-
tions. tial decay of the signal shape. This gives a value of
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j = 1.2< 107 s- at short times and a much smaller value tion due to the two strong pump beams, while AE is the
at long times, as seen in Fig. 10. Unfortunately, Eq. (3) is contribution due to the weak probe and signal beams. The
much less sensitive to the parameter a, and so the best fit susceptibility of the multilevel system is approximated by
to the experimental data can be obtained with any value of R 1
a between 10' and 3X 10" s-1. By using the experimen- (12)R +1
tally obtained values ofj and a in Eq. (6), an estimate for R 1-I
the diffusion coefficient for partially coherent exciton where 1 is the susceptibility of the system with the ions
motion can be obtained. This analysis, with the short- in the ground state and Y'2 is the susceptibility of the sys-
time value for j and the smallest value in the range of a, tem with the ions in the metastable state. R =nI/n 2
is the origin of the point plotted in the direct excitation where n I is the number of ions in the ground state and n,
region in Fig. 4 for the x = 1.0 sample and the value of D is the number of ions in the metastable state. Expanding
listed in Table I. Note that this value of D is much the polarization to first order in AE/Eo gives
greater than the values obtained for vibronic excitation,
but it decreases significantly for long-time values of j or P(Eo+AE)=oei I R>Yoi(Eo)

i=1,2

higher values in the range of a. The fact that partially
coherent exciton migration was not observed for the x E0 +AE
x =0.2 sample implies the need for a high concentration
of active ions to produce this type of motion. This can be E0 12
attributed to the increase in the separation of Nd 3 + ions

which decreases the ion-ion-interaction rate. Is + I E'(13

(13)

VI. POWER DEPENDENCE OF SCATTERING where R1 =R /(R + 1), R 2 = /(R + 1), and
EFFICIENCY

Another experimental measurement of interest is the X0i(E 0)= -2a 0 h,(i +8i)(I +6) (14)
power dependence of the scattering efficiency. Although k . '

this does not contain specific information concerning ex- Here, the i = 1,2 subscripts refer to the ions in ground
citon dynamics, it does provide additional information and metastable states, respectively, a0 is the line-center
concerning the characteristics of the four-wave-mixing in- small-signal field-attenuation coefficient, 6. is the detun-
teraction in the material. This type of information is ing parameter, and 1, is the saturation intensity.
especially useful in the application of this technique to The key approximations used in deriving the expression
areas such as optical data processing or phase conjugation. for the four-wave-mixing signal intensity are AE <<E 0,The experimental beam geometry used for these types of that the pump and probe beams are undepleted in travel-
applications is different from the geometry used for ing through the medium (parametric approximation), and
studying exciton dynamics, ' l9 32- 35 and this leads to dif- the slowly varying envelope approximation. 12 By using
ferent mathematical expressions for the scattering effi- thse approximations and solving the wave equation in the
ciency. The detailed outline of the mathematical develop- medium, expressions can be obtained for the magnitudes
ment of the expression for scattering efficiency is given in of the electric field components at different positions
Ref. 12. An extension of this development is presented along the direction of propagation. The square of these
below, in which some of the simplifying assumptions amplitudes gives the beam intensities. The quantity of
made previously are no longer used. In addition, in previ- greatest interest is the scattering efficiency defined as the
ous work the mechanism of field coupling is modeled by ratio of the signal-beam intensit-, as it leaves the sample to
analyzing the response of a two-level system to the pertur- the probe-beam intensity as it leaves the sample in the ab-
bations of the electric fields, whereas in the treatment out- sence of pump beams. The general expression for this is
lined below an attempt is made to better model the true quite complicated' 8 and it is usually more convenient to
multilevel nature of the material by treating the suscepti- simplify the expression by making appropriate assump-
bility as the linear combination of the susceptibilities of tions. For interpreting data on the power dependence of
two two-level systems, which has been suggested previous- the scattering efficiency, the least restrictive assumption.
lv. ' to make is that the crossing angle of the pump beams is

The polarization of the medium is given by sufficiently large that the amplitudes of the pump and sig-
P E =EX E)E. where e0 is the dielectric constant of free nal fields do not change appreciably over the distance
space and Y' E) is the dielectric susceptibility. The electric , =k/( I -cos0). This approximation holds for the an-
ield in the medium can be separated into two parts, gles used in the experiments described here. The resulting
E = E,) - .1E, where the first part represents the contribu- expression for scattering efficiency is

S expq ,, "](

£2os7=0 1 exp -2XL1-exp-2,;RLcos!0)--.exp[-.RLIlcos8/cosj ,L'l-cos-0)

15) 4
where]
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Tunable solid state lasers are potentially important for

various electro-optic systems applications. This has generated

significant interest in developing new vibronic la-er materials.1

Most research in this area has centered around 3d transition

metal ions.2-7 However, it was shown recently that the spectro-

scopic properties of 4d and 5d transition metal ions make them

possible candidates for vibronic lasers. 8 We report here the

first tunable laser action in materials of this type using

RbCaF3 :Rh2+ as an example.

The Rh-doped RbCaF3 crystal was grown by the Bridgman method

in the OSU Crystal Growth Laboratory. Stoichiometric amounts of

"Optran zone refined" RbF and CaF2 1 and 0.1 at. % of 99.9 % RhCl 3

were loaded in the platinum crucible. The growth run was done in

a gettered Ar atmosphere. The host crystal has a cubic Perov-

skite structure at room temperature 9 and the Rh 2 + ions substitute

for the Ca 2 + ions with no charge compensation or size mismatch

problems. Thus they occupy a site with Oh symmetry and six-fold

coordination of the F- ligands. The sample used for this work

was cleaved from the boule along (100) planes and was about 1.0

cm in diameter and 0.45 cm thick. It contained a high density of

scattering centers which do not greatly affect its use in spec-

troscopic studies but do Produce significant losses which affect

the accurate determination of laser parameters.

Rh 2 + ions have a 4d 7 electronic configuration. Previous

spectroscopic investigations 8 have demonstrated the existance of

strong charge transfer absorption bands in the near u.v. spectral

region between 300 and 400 nm. The fluorescence emission can

occur either from the Stokes shifted charge transfer transition
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STIMULATED EMISSION AND TUNABLE GAIN FROM Rh 2 + IONS

IN RbCaF3 CRYSTALS

Richard C. Powell, Greg J. Quarles, Joel J. Martin,

Charles A. Hunt and William A. Sibley

Department of Physics, Oklahoma State University,

Stillwater, OK 74078

Stimulated emission was detected In RbCaF3 :Rh2+ crystals

through the observation of power dependent shortening of the

fluorescence lifetime and narrowing of the emission band with a

distinct threshold. In addition, single pass gain was observed

to be tunable between about 700 and 720 nm.
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wavelength. To test these materials as lasers, crystal growth work and to W. A. Sibley for helpful discussions concerning
techniques are being developed to incorporate an order of the interpretation of the results.
magnitude higher concentration of dopant ions in the host
crystals. No evidence for emission from the low energy states
with spin forbidden transitions was observed in these host
crystals. There is some evidence that intersytem crossing to 'G. A. Crosby, W. G. Perkins. and D. M. Klassen, J. Chem. Phys. 43, 1498

these levels is more efficient in oxide crystal hosts5 and sam- (1965); K. W. Hipps, G. A. Merrell, and G. A. Crosby, J., Phys. Chem. 80.

pies of this type are under preparation. These transitions 2232 (19761; J. N. Demas and G. A. Crosby, J. Am. Chem. Soc. 92, 7262
(1970); 93, 2841 (1971); W. A. Fordyce and G. A. Crosby, ibid. 21. 1455

should have millisecond lifetimes and be better suited for (1982).
flashlamp pumped laser applications. 2

R. J. Watts and G. A. Crosby, J. Am. Chem. Soc. 94, 2606 j19721; T. R.

In conclusion, this work demonstrates the existence of Thomas, R. J. Watts, and G. A. Crosby, J. Chem. Phys. 59, 2123 (1973);
both charge transfer and d level fluorescence emission from R. J. Watts and D. Missimer, 3. Am. Chem. Soc. 100, 5350 (1978).

bW. Halper and M. K. DeArmond, J. Lumin. 5, 225 (19721.

4d and 5d transition metal ions in alkali halide crystals. It 'F. Diomedi Camassei, L. Ancarani-Rossiello, and F. Castelli, J. Lumin. 8,
also shows how the d emission can be enhanced through 71(1973).
thermal or radiation treatments resulting in broad fluores- 'G. Blasse and A. Bril. J. Electrochem. Soc. 114, 1306 1967).

bC. D. Plint and A. G. Poulusz, Mol. Phys. 41, 907 11980).
cence bands thoughout the visible region of the spectrum. 'W. Holzapfel, H. Yersir,, and G. Gliemann, J. Chem. Phys. 74. 2124

These materials may be useful in tunable laser applications if (1981).
samples can be prepared with high enough levels of doping. 'S. Sugano, Y. Tanabe. and H. Kamimura, Multiplers of Transition-Metal

Ions in Crystals (Academic, New York, 1970).
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IV. DISCUSSION AND CONCLUSIONS orbit interaction causes a breakdown of the Russell-

Table I summarizes the spectral properties of the four Saunders coupling for 4d and 5d ions. Although some work

samples studied in this work. The results indicate that the has been done in treating these types of ions in an intermedi-
energy levels and dynamics of 4d and 5d transition metal ate coupling scheme,'0 complete crystal field energy levelions in alkali halide crystals are quite complex. The spectra diagrams are not yet available for d 6, d 7, and d ' ions. There-shown in Figs. 2, 4, 6, and 8 show structure indicating the fore the diagrams in Fig. I are used to estimate the values ofexistence of several different types of excited state levels and Dq but the results should be taken as only rough approxima-exitene o seera dffeenttyps o exitd satelevls nd tions to be used for comparative purposes. Considering that
the significant changes observed with variations in tempera- tin tobd orcomparative oses Conide tat
ture or different types of sample treatment indicate that the the broad, overlapping bands give only approximate values
population dynamics of these levels is extremely sensitive to for the energy level positions, that the Stokes shifts of the d
the local environment of the dopant ion and to lattice vibra- levels between absorption and emission are unknown, and
tions. The simplified configuration coordinate model pro- that local charge compensation produces a strong deviation 
posed here is useful in interpreting some of the general spec- from an octahedral crystal field, it is not possible at the pres-
tral properties but additional, systematic studies are ent time to do a more exact theoretical analysis of the specific
necessary to gain a complete understanding of these materi- systems investigated here.
als. Only the structure of the spectra of Pt' and Rh'- in

The identification of the peaks appearing in the near Figs. 2 and 4, respectively, is detailed enough to use in crystal

UV spectral region as being due to charge transfer transi- field analysis. The free ion Racah parameters B for these ions

tions and the peaks in the visible spectral region as being due are 699 cm' for Pt2 + and either 438 or 458 cm - for Rh2

to spin-allowed d-d transitions is somewhat arbitrary. How- depending on the wave functions used in the calculations.'o

ever these assignments are consistent with the observed The structure in the spectra of Fig. 2 can be interpreted as

strengths of these peaks in absorption and with their fluores- due to transitions from the components of the 'T, and 3T,

cence lifetimes as compared to the values of these parameters split by spin-orbit interaction and low symmetry contribu-

generally measured for these different types of transitions. In tions to the crystal field. The average value of the three low-

addition, the overall spectral properties of these materials est energy peak positions can be used as an estimate of the

are similar to those observed for these ions in chemical com- position of the 3T, energy level in an octahedral field. Divid-

plexes' - where much work has been done to unambiguously ing this energy by B provides a value for E/B to use the

identify the bands belonging to charge transfer and d-d tran- crystal field diagram ford' ions shown in Fig. 1. This leads to

sitions. A similar definitive assignment for the materials in- a cubic crystal field parameter of Dq = 1188 cm-'. A simi-

vestigated here must await further experiments to provide lar analysis relating the structure of the Rh-' spectra to

conclusive information about the local structure and ligand transitions from the split components of the 2T, and :IT,

interactions in these crystalline environments. Since the ma- levels results in a value of Dq = 1230 cm- '. The only pub-

terials investigated here contain lattice vacancies necessary lished value of Dq for Rh2- is 1600 cm-' in ZnWO4 crys-

for charge compensation of the doping ions, and since radi- tals. " This is consistent with the lower bound, Stokes shifted

ation treatment is used to alter the spectral characteristics of value of Dq given above. More acurate crystal field analysis

the samples, it is important to note that the spectral proper- of these materials requires samples with higher concentra-

ties of color centers in these alkali halide host crystals are tions of doping ions so that the positions of d-d absorption

well known,' and none of the reported spectral features are transitions can be accurately determined.

consistent with color center transitions. The broad d emission bands for these materials are at-

The general location of the charge transfer bands is ap- tractive possibilities for tunable laser applications. One criti-

proximately the same for both of the 4d and both of the 5d cal parameter for this consideration is the peak emission

transition metal ions in the two types of alkali halide host cross section given by

crystals. However, the exact peak positions. widths, and =4p0.022q 11W/J n ,J' (41
structure of these bands are different for each sample. For O.O ,P .i

example. the ct bands in both KCI samples appear as two whereA is the peak wavelength of the emission band and J v
extremely narrow transitions, whereas in both KBr samples is its frequency half-width. 77 is the quantum efficiency. The
they are broader, single transitions. This demonstrates the latter quantity is difficult to determine accurately since no
general similarity of the host-impurity ion systems and the temperature dependent intensity quenching is observed in
effects of different ligands on the spectral details. These re- the temperature region studied. In calculating or, a value of
suits are again similar to those obtained on chemical com- 0.5 was used for r which should be a good approximation in
plexes of these ions.' 4  comparison to previous results on chemical complexes of

For a detailed spectral analysis of these 4d and 5d tran- these ions. The values obtained for the cross sections are
sition metal ions in solids, it would be desirable to obtain listed in Table l and are all ofthe order of l0- cm- which
specific information on the local crystal field at the site of the is similar to ur, for 3d ion transition metal vibronic laser
ions. In this case it is difficult to do for two reasons: the very materials. The lifetimes of the order of tens of microseconds
weak d-d absorption transitions and the lack of complete indicate that fast !aser pumping would be better than flash-
crystai field diagrams for these types of ions. The Sugano- lamp pumping of these materials. This type of rumping
Tanabe di terams such as those shown in Fig. I work well for should be very etfLient since these materials ha%,e sTron,
vons of the 3d transition metal eries but the increased spin- charge transfer absorption band coincident ,vith the N. later

Chem 'vs._ .:)1 9 1, o. 3 1 Aucust 96a
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where the W, represent the pumping rates, the r, are the The temperature dependencies of the fluorescence life-
fluorescence lifetimes, and fl is the radiationless relaxation times of the d emission bands can be interpreted by a model
rate between the two sets of levels. These equations can be assuming the presence of two d levels with different intrinsic
solved simultaneously and the resulting expressions for the decay times Ltr and rHT separated by an energy barrier,
time dependences of the excited state populations are direct- AE,, and connected by efficient radiationless processes so
ly proportional to the measured fluorescence intensities, that the populations of the levels are in thermal equilibrium.
This procedure provides equations for fitting the experimen- For this situation the observed fluorescence decay time will
tal data on the temperature variations of the fluorescence be the weighted combination of the two intrinsic decay times
lifetimes and relative intensities.

The temperature dependencies of the ratios of fluores- r= I + G exp( - AE2/kT )/(l/'LT)
cence intensities at a specific time after the excitation pulse + (l1/rT)G exp(AE 2/kT(l, (3)
can be expressed as where G is the ratio of the degeneracies of the two states. This

II,= 4 + B exp( - 4E,/kT). (2) equation gives a reasonably good fit to the lifetime data for

The temperature independent coefficients A and B contain all four samples as shown in Figs. 3, 5, 7, and 9. The solid

factors describing the ratios of the initial pumping rates and lines are obtained treating G, 4E 2, and the two intrinsic life-

the radiative decay rates of the two types of levels as well as a times as adjustable parameters. The numerical results for - --

correction factor for the detection sensitivity in the different these parameters are listed in Table I. The values obtained
spectral ranges of the two types of emissions and an exponen- are physically reasonable except for the value of G = 50 for
tial time factor. The exponential temperature dependence KBr:Pt. This high value indicates that the structure of the d
comes from expressing the parameter # as the ratio of the manifold of levels is more complex than the simple model
rates of absorption and emission of phonons coupling the employed here.
charge transfer and d states. The changes in sample properties after various types of

The solid line in Fig. 3 represents the best fit to the treatments are associated with the defect structure of the
temperature dependent intensity data for KBr:Pt using Eq. material. When divalent ions are incorporated in alkali ha-
12) and treating A, B, and JE, as adjustable parameters. This lide crystals, charge compensation is necessary. Usually this
fit was obtained for A = 1.69, B= 240, and 4E, = 398 takes the form of alkali ion vacancies which are not necessar-
cm _'. The simple model used here can not explain the peak ily located close to the dopant ions. These defects are mobile
in the intensity ratios at 250 K which is associated with the and aging, annealing, and radiation treatments can cause the
redistribution of energy among the several different ct and d formation and redistribution of defect centers. The spectral
levels which are present in the sample. changes observed for the samples studied here due to these

Similar good fits to the observed temperature depen- types of treatments can be attributed to the effects of the
dences of the intensity ratios could not be obtained for the interaction of the dopant ion with near neighbor lattice de-
other samples. In the case of KBr:Rh the peak at 250 K is too fects. The position and shape of the charge transfer potential
dominant to allow the simplified model to be a good approxi- well is especially sensitive to changes in the ligand structure
mation. For KC:Ir the strong increase with temperature in the environment of the transition metal ion. Shifting this
begins to occur near 300 K. This indicates a higher value of potential well can significantly change the efficiency of ra-
JiE, but the measurements do not extend to high enough diationless transfer from the charge transfer state to the d
temperatures to obtain an accurate theoretical fit. The tem- levels. The spectra shown in Figs. 3 and 5 indicate that local
perature dependence of the intensity ratios for KCI:Ru is the charge compensation greatly enhances the crossover to the d

opposite of that predicted by the simple model used here levels. Similar results were observed on other samples such
which is probably due to redistribution of the energy among as KCI:Ru. However, no significant changes in the spectrum
different types of charge transfer states with different radia- were observed in a sample of KMgF :Rh after annealing.
tive emission rates. Some evidence for this can be seen in the This is due to the fact that the defect mobility in KMgF,
spectra shown in Fig. 8. crystals is greatly reduced compared to alkali halides.

TABLE I. Spectroscopic parameters.

Crystal
KC:Ru KBr:Rh KCl:Ir KBr:Pt

Parameter Q I id' i5d') 5d'

nm1 588 650 636 660
A nmi 268 2'70 226 216

r,, psi 46 25 35 23
In,.10 _' Crn: 1.16 2.10 2.50 3.27

,,iE, m 275 355 350 700
fr., PSI 99 80 "8 110
rr( psi 19 13 12.4 13."
G 5 3.75 2.5 50

Chem Phys Vol. 81, No. 3, 1 August 1984
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AE1]

FIG. 8. Fluroescence spectra of KCI:Ru after pulsed N. laser exctation at

10 K (- - -) and room temperature (-) of a freshly cleaved, unirradiated
sample.i

pendencies of the lifetimes and relative intensities for
KCI:Ir2 + crystals. The results are similar to those observed x
in the other samples except that the d emission intensity is
much weaker in comparison to the charge transfer bands. FIG. 10. Simplified single configuration coordinate model for interpreting

the experimental results.

D. KCI:Ru2

"

Figures 8 and 9 show the results obtained for KCI:Ru- III. INTERPRETATION
crystals. This case shows the weakest d emission compared The spectroscopic results described in the last section
to the charge transfer emission at room temperature. Unlike are quite complex and obviously involve dynamic interac-
the other samples, this material shows a slight increase in the tions among several different types of charge transfer and d
intensity ratios as temperature is lowered, levels. The exact details of these interactions can not be de-

termined without more extensive experimental results but
the general spectroscopic features can be interpreted in
terms of the simplified single configuration coordinate mod-

' 120 el shown in Fig. 10. The manifold of crystal field split charge
-7 transfer states are represented by one potential curve and the

system of d levels is represented by one ground state and two
excited state potential curves. At low temperatures the ab-
sorption transition is followed by radiationless relaxation to
the bottom of the charge transfer potential well. The major-
ity of the emission occurs from this relaxed state. As tem-

80 perature is raised, higher energy vibrational levels of the
charge transfer state are occupied and when an energy 4E, is
reached, crossover occurs to the higher energy d level.

6 \0 Transfer to the lower d level occurs at a temperature consis-
", h ~ - tent with JE, and fluorescence emission occurs from the

""bottom of both the d potential wells. At temperatures above

-, 0 C that consistent with an energy 4E 3 radiationless decay to the

0o ground state occurs. The temperature dependencies of the
relative intensities and lifetimes depend on the energies JE,

/0 4E 2, and AE3.
20 The intensity of the fluorescence emission from each

level is proportional to the concentration of ions in the level,
n,. Representing all of the charge transfer states by one level

. 100 and all of the excited dstates by one level, the rate equations
100 3-pof the excited state populations are

TXK
FIG. 9. Temperature dependences ofthe fluorescence lifetime of the d ems. dn, Idt = ;V, -- r nc, - $n,.,
sion and the ratios of the integrated intensities of the d and charge transfer
emiston for KCI:Ru. See the text for explanation the theoretical curve. dnd Id: = W - '- ±- On,,,

J. Cem. Ptlys., Vol. 81. No. 3. 1 August 1984
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300 K

iii

,x(nm) A Cnm)
FIG. 4. Fluorescence spectra of KBr:Rh at 300 K after pulsed N2 laser FIG. 6. Fluorescence spectra of KCI:Ir after pulsed N2 laser excitation at 10

exction. nrae*ape irdatdsml;..anae ape K(- - -) and room temperature ()of a freshly cleaved, unirradiated sample. -

continues to increase with temperature. The solid lines in the while the latter preferentially increases the higher energy d
figure represent the best fits to the data using the model dis- band.
cussed below. Figure 5 shows the temperature dependences of the rel-

ative intensities and fluorescence lifetime of the d emission.

8. KBr.Rh 2 - The trends are similar to those discussed above for Pt except
* that the intensity ratios show a more pronounced maximum
Figure 4 shows the emission spectra of KBr:Rh 2 ' at near 250 K. The solid line represents the theoretical fit dis-

room temperature for an as-grown sample, a crystal that has cussed below while the dashed line simply shows the general
been exposed to a radiation dose of 10' rad of electrons, and a trend of the intensity ratios. Again the lifetime of the charge
sample that was annealed by heating to 600 *C and fast cool- transfer emission is less than 20 ns and no change with tern-
ing on a copper block. Again both charge transfer and spin perature could be observed within the time resolution of our
allowed doublet d emission bands are observed. Both radi- instrumentation.
ation and heat treatment enhance the d emission with re- cKIl 2

spect to the charge transfer emission. The former treatment C.KIr2

tends to preferentially increase the lower energy d band Figures 6 and 7 show the spectra and temperature de-

70 70

0 -60

* 50

8 \3- 40

7 . . "

20~
-20

5 5-

*4- 4-

3 - 0 mn0
3.-

2 2-. 2

1 j 1

T (K) TK

fier presen th etft te 20 t o usn and mod e is- nand. t' at~o h 20'0

FIG Temperature ependenceofe fluorescence lifetime of the d FIG. i. Temperature dependencies of the hluorescence lifetim of the d
bemissin exsed nde elterrtaeda e nd of the inte graat d intensities of the dand charge
trnsfe ttwas fe heai tetforexplanaton of the theoret- transfer emissions for KClIr. Seethe tet frsplanation ofthe there-cal

,:,i urve.curve.
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B. Experimental apparatus so

= Measurements of the fluorescence spectra and lifetimes
were made using a pulsed nitrogen laser for excitation. This
provided a pump pulse ?t 337.1 rim which was about 10 ns in
duration and 1 A in hall-width. The samples were mounted 40 0 100
in a cryogenic refrigerator capable of controlling the tern-
perature between about 10 K and room temperature. The
fluorescence was focused onto the entrance slit of a I m mon- © \ 0
ochromator with the slits set for 20 A resolution. The signal 30

was detected by a cooled RCA C31034 photomultiplier tube /
and analyzed by a boxcar integrator before being displayed 2 0

600
on a strip chart recorder. .

To measure lifetimes the window of the boxcar was set 20 .
in the scanning mode with a time resolution of about 50 ns. -
The fluorescence spectra were recorded at fixed times after 40

* the excitation pulse. Both fast and slow emission bands were
observed in these materials and this time-resolved fluores- 10 '
cence technique can be used to emphasize either one of these 20

two types of emissions. Examples of the observed spectra are l
presented in the following section. Because of the large dif- .
ference in lifetimes, it is difficult to show both types of emis- -_I _III____
sions on the same spectra. To overcome this problem, the 0 100 2 3o)

spectra shown in the figures were obtained at 50,us after the T(K)

laser pulses using a 1 M 2 load resistance which distorts the FIG. 3. Temperature dependences of the fluorescence lifetime of the d emis-

timing of the spectra and allows both types of bands to be sion and the ratios of the integrated intensities of the d and charge transfer

easily seen. Thus the absolute magnitudes of the spectral emission for KBr:Pt. See the text for explanation of the theoretical lines.

bands in these figures are not meaningful but the relative
changes in intensities between samples or with different ex- "ER NT EU
perimental conditions are accurate. 11. EXPERIMENTAL RESULTS

In the absorption spectra of these samples, it was not A. KBR:Pt2 "

possible to detect any bands due to the doping ions. Only the Figure 2 shows the fluorescence spectra obtained for
normal absorption edges of the host crystals near 250 nm Pt2

- in KBr crystals at room temperature and 10.2 K for a
were observed. Excitation spectra taken with a xenon lamp freshly cleaved surface and at room temperature for an aged
and 1/4 m monochromator showed the major absorption in surface. There are two distinct spectral regions: the relative-
all of the samples to occur as a triple peaked band between ly narrow band at 380 nm and the broad, structured band
about 280 and 400 nm. The Jr doped sample exhibited addi- between about 425 and 850 nm. The former has a fluores-
tional excitation bands in the 500 to 600 nn region of the cence lifetime of less than 20 ns independent of temperature
spectrum. and is attributed to emission from the charge transfer state,

A 2 MeV van de Graaff accelerator was used for radi- whereas the latter band has a temperature dependent life-
ation treatment of the samples. time in the microsecond time regime and is attributed to

transitions between triplet d levels. The structure in the
broadband shows the presence of several different d to d

4 transitions split into two major bands. The relative intensi -___

ties of the fluorescence band show that the fraction of the
total emission occurring in the d to d transitions decreases
with respect to that originating from the charge transfer
state as the sample surface ages. At the same time the lower
energy d emission band increases relative to the higher ener-

4 gy d emission band. These relative intensities also vary with q
temperature with the d to d emission relative to the charge
transfer emission decreasing as temperature is lowered.

x30 , 'Figure 3 shows the temperature dependencies of the %
emission intensities and lifetime for this sample. The ratio of
the total emission from the d levels to that of the charge -

I : transfer level increases with temperature reaching a maxi-

x(n m) mum at 250 K. Although both major d emission bands in-

FIG. 2. Fluorescence spectra of KBr:Pt after pulsed N, laser excitation. - crease in intensity with temperature up to 250 K, the higher
300 K. freshly cleaved samples -- 10 K freshly cleaved sample; ... 300 K energy band increases more rapidly. Above this temperature
aged sample. (All samples unirradiated. the higher energy band decreases while the low energy band

* J. Cier. Phys., Vol. 81. No. 3, 1 August 1984
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* Spectroscopy of 4d and 5d transition metal ions in alkali halide crystals
Richard C. Powell, Robert H. Schweitzer, Joel J. Martin, George E. Venikouas, and
Charles A. Hunt
Physics Department. Oklahoma State University, Stillwater, Oklahoma 74078

(Received 6 January 1984; accepted 2 April 1984)

The fluorescence spectra and lifetimes of divalent Rh, Ru, Pt, and Ir ions in alkali halide crystals
are measured using pulsed nitrogen laser excitation. Emission from both the charge transfer states
and the excited d levels is observed. Changes in the relative intensities and lifetimes are monitored
as a function of temperature, annealing, and radiation treatment. The results are interpreted in
terms of the possible application of these materials for tunable solid state lasers.

I. INTRODUCTION Example crystals were analyzed with an EDXA attach-
* There is currently a significant amount of interest in ment on an electron microscope to determine the concentra-

identifying new materials for use as tunable solid state lasers. tion and distribution of the doping ions and to detect the
Thus far most of the research and development in this area presence of other impurities. In addition, electron paramag-
has involved either 3d transition metal ions such as Cr, Co, netic resonance measurements were made on example sam-
and Ni in oxide hosts or color centers in alkali halide and pies to determine the valence of the optically active ions. The
oxide crystals. Another class of ions which may be useful in results of these measurements indicate that the dopant ions
this application is the 4d and 5d transition metals and re- are distributed uniformly at concentrations of around 200
search is underway to survey the spectroscopic properties of -!)m. No significant amount of other optically active impuri-
these ions in different types of host crystals. This paper de- ties or other valence states of the dopant ions were detected. -
scribes the results obtained on crystals of KCI:Ru2 ,  The ions of interest in this study are Rh (4d),
KBr:Rh +, KCI:Ir 2 +, and KBr:Pt2". Fluorescence intensi- Ru2 (4d 6), Pt2 +(Sd 8), and Ir'+(5d 7). Partial crystal field en-
ties and lifetimes were measured as a function of tempera- ergy level diagrams for these d" electron configurations' are
ture, annealing, and radiation treatment. The results are in- shown in Fig. 1. The figure is restricted to the lowest sets of
terpreted in terms of emission from both charge transfer energy levels in the strong crystal field region since this area
states and excited d levels, contains the transitions of interest in interpreting the ob-

Extensive literature exists on the spectroscopic proper- served spectra. For each case there is a low lying set of excit-
ties of 3d and 4 transition metal ions in chemical complex- ed states which can give rise to spin-forbidden transitions to
es. -Systematic studies have been performed on the spec- the ground state and a higher set of states which can produce .

tral changes that occur with changes in the ligands and the spin-allowed transitions to the ground state. Interactions
structure of the chemical complex. Emission has been ob- between the transition metal ion and its ligands result in
served from charge transfer states, spin-allowed transitions charge transfer states which lie at higher energies with re-
from excited d levels, and spin-forbidden transitions from spect to the d levels shown in the figure.
excited d levels. The two series of ions exhibit a variety of
broad emission bands throughout the visible region of the
spectrum. However very little work has been done on these
ions as dopants in single crystals." The goal of this work is T -=

to begin to understand the properties of 4 and 5d transition , T 2

metal ions in crystals and to develop techniques for enhanc- 4 ' 0" 
2  

' 3T2

ing d level emission compared to charge transfer emission. T 1-1  / /"T t /
/" 3T2  'Al

A. Samples 3 2 '// 7'a+ / .-
The crystals used in this project were grown by the '/ 3 T

Czochralski method of pulling from the melt. All growth c o
was carried out in a dry nitrogen atmosphere in an internally 20 7 _4 .E
heated furnace. Fisher Scientific reagent grade KBr and KCI / T
were used for the host starting materials. The PtCl, (99.9%), "

RhCI3 (99.9%), IrCl3 (99.95%), and RuCI, )99.9%( anhy- 1/
drous dopants were obtained from the Gallard-Schlesing / d dCo. The melts were contained in high purity alumina cruci- eL Al 2 3AEd 2

bles. After the crystals were grown, they were slowly cooled 0 40 30 40
to room temperature over a 16 h period. Samples were 1OD(/B
cleaved from the boule perpendicualr to the growth axis so as FIG. I. Portions of crystal field crystal field energy level diagrams ford .d'.

*to ensure uniform doping. and d' ions in octahedral environments.
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111. DEVELOPMENT OF NEW VIBRONIC LASER MATERIALS

A significant amount of time and effort in this thrust area

was spent developing crystal growth methods for doping various

host crystals with 4d and 5d transition metal ions. After this

was accomplished, a spectroscopic survey was performed on a wide

variety of different ions of these classes in different host

materials. RbCaF3 sRh
2 + was identified as the best candidate for

a tunable vibronic laser material. A good optical quality single

crystal of this material was synthesized and its laser properties

were investigated. Tunable laser action was observed around 710

nm with a high peak cross section. These results are described

in the first three manuscripts of this section.

The third manuscript also contains a brief description of

laser Raman microprobe results on Al2 03 oTi3+ crystals which

helped in the identification and elemination of scattering

centers in this important type of tunable vibronic laser

material.

The fourth manuscript presents a summary of our analysis of

Mn2 SiO 4 as a Possible tunable laser material.
4a

The final manuscript of this section describes the first

observation of four-wave mixing in alexandrite crystals.

BeA12 03 'Cr3+ is an important tunable vibronic laser material and4v

the third order nonlinear optical properties observed in this

work may be important in determining the characteristics of the

material in high power laser operation. The mathematical back-

ground developed in the Appendix is helpful in analyzing some of

these results.
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model needed to obtain a tractable expression for compar- other theories20 '39.'4 predict the appearance of oscillations
ing with experimental results, make it impossible to obtain and none are observed. It is possible that some other type
an exact fit to the data as shown in Sec. V. It appears to of physical process is responsible for these results. How- Z..
be difficult to modify Kenkre's generalized master- ever, no other mechanism consistent with the experimen-
equation approach to include the possibility of time- tal results has been discussed in the literature, and there-
dependent interaction parameters, and thus it may be fore this question can only be answered through further
better in this case to start from the stochastic Liouville experimental investigations.
equation as done by other workers. 39.'4 This is an impor- The four-wave-mixing transient-grating spectroscopy
tant problem for future theoretical work. technique employed here monitors the spatial migration

The ion-ion-interaction rate in neodymium pentaphos- of energy. The results show this energy migration to be
phate has been estimated in different ways and ranges very efficient and essentially independent of temperature.
from 2.4 x 107 s- 1, obtained from nearest-neighbor Other techniques monitoring the spectral diffusion of en-
dipole-dipole interaction, 1 to 9.0X 108 s - , obtained from ergy show these processes to be much less efficient and
a spreading-wave-packet calculation.' 2 The experimental temperature dependent.8 - 10 Techniques employing ac-
value for j obtained in this work is close to the former es- tivator ions as traps can also detect spatial energy migra-
timate. The value for the exciton scattering rate cannot tion although the results may be difficult to interpret ex-
be determined as specifically from the experimental data actly due to the presence of trapping effects. Research of
as discussed in Sec. V. The range of possible values of a this type on rare-earth-doped neodymium pentaphosphate
between 104 and 3 x 106 s-1 is consistent with the dephas- crystals has been interpreted in terms of fast diffusion of
ing rate of 5 X 104 s-  measured by coherent transient energy among the Nd 3+ ions.43 '" The coherent transient
spectroscopy methods" on the similar stoichiometric spectroscopy work mentioned earlier indicates that the ex-
rare-earth crystal EuP5O14. The observation that acoustic citon wave function in EuP50 14 may be spread out over
phonons are not active in scattering the migrating exciton several lattice spacings, indicating strong resonant energy

r is not surprising since the wavelengths of acoustic pho- transfer. Other earlier studies of energy transfer in
nons are much greater than the nearest-neighbor ion NdP 5O14 crystals resulted in conflicting conclusions con-
separations. This means that this type of phonon will cerning the extent of the energy migration.' 5 46 Some of
modulate the energy levels of ions in neighboring sites the apparent inconsistencies between early work and re-
simultaneously and will not be effective in causing scatter- cent work may be due to the significant improvement in
ing as the energy-transfer interaction occurs between these sample quality during this time interval.13 Furthermore,
ions. The determination of the exact mechanism causing different techniques may probe different types of physical
the exciton scattering is an important area for future processes. Spectral diffusion measurements may not be
research. The fact that the acoustic phonons are not ef- able to detect resonant ion-ion energy transfer in highly
fective in scattering excitons does not imply that they do concentrated crystals under certain conditions. Thus it
not effect the overall characteristics of the exciton dynam- may be that transient-grating spectroscopy and site-
ics of the system. It is obvious from the results that the selection spectroscopy are providing complementary in-
presence of phonons can effect the ion-ion-interaction formation concerning the characteristic of this material --
rate in several ways. instead of conflicting results. The interpretation of the re-

The diffusion length of the excitons given by suits of the power dependence of D in terms of a power-
L = V -7~7 is found from these results to be of the order broadening effect is consistent with the fact that this ex-
of I jim, which is a significant fraction of the peak-to- perimental technique is probing long-range resonant ener-
valley grating spacing as required for transient-grating ex- gy migration and is not sensitive to short-range spectral
periments. The exciton mean free path given by A =v/a diffusion effects.
ranges from about I jim to values over 2 orders of magni- In conclusion, this work demonstrates the power of
tude smaller than this, depending of the value used for a. four-wave-mixing transient-grating spectroscopy in prob-
Thus the lower-limit value for a predicts the excitons ing the details of spatial energy migration in highly con-
moving with no scattering during their lifetimes, i.e., centrated solids. Along with the development of more de-
completely coherent motion, whereas using the upper lim- tailed theoretical models discussed above, it is important
it for a predicts hundreds of scattering events during the -- tend this type of experimental investigation to other

4 migration of the excitons. The overall results of this in- types of materials. In addition, the work on NdP5O14
vestigation are more consistent with the latter type of ex- should be extended to include even lower temperatures
citon migration. and to better define the transition from the high-mobility

The general consistency of the experimental results and region of resonant excitation to the lower-mobility region
the theoretical model presented here does not give con- of vibronic excitation.
clusive proof that the observed oscillatory grating decay

I pattern is produced by partially coherent exciton migra-
tion. It is important to emphasize that these oscillations ACKNOWLEDGMENTS
were observed only under very special experimental condi-
tions and that these conditions are consistent with the re-
quired conditions of the Wong-Kenkre theory for predict- This work was supported by the U. S. Army Research
ing this type of decay pattern. Under different experi- Office, and National Science Foundation under Grant No.

4 mental conditions neither the Wong-Kenkre theory nor DMR-82-16551.
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TABLE II. Scattering efficiency parameters at T = 300 K and 0= 10*.

High flux Low flux
Parameters x= 1.0 x =0.2 x= 1.0 x =0.2

X. (nim) 575 575 514.5 575
R 1.0 1.0 0.01 0.01
6, 4.5 4.9 7.2 5.3
86 0.1 0.1 0.1 0.1
a, (cm- 1) 50 10 50 10
a. (cm-) 45 9 45 9
I01 (W/cm 2) 4.0x 103 4.0× 10' 3.9X 103 4.0X 103

102 (W/cm2 ) 5.0x 103  5.0X 103 5.0X 103  5.0X 103

6.0x 10"' l.0X 10- ' 6.0X 10- 7  2.0X 10- -

would be to use expressions for Gaussian wave fronts33 in- Vibronic excitation has been employed in previous in-
stead of the simplified plane-wave approximation used vestigations of energy transfer and electron-phonon in-
here. This difference between real and approximated teractions of ions in crystals. 7 The results described in
wave fronts may be less for the measurements made with Sec. IV show the potential usefulness of this technique for
the more highly focused beams, which would account for studying the role played by phonons in the processes con-
the better fit between theory and experiment for this case. tributing to the establishment and decay of the population

VII. DISCUSSION AND CONCLUSIONS grating in four-wave mixing. The increase in the Fr(pula-
tion of the upper crystal-field component of the meta-

The preceding sections described the results of an exten- stable state, due to the selective generation of phonons . -

sive investigation of NdLa-, P5 O14 crystals using four- whose energy is identical with that of the crystal-field
wave-mixing spectroscopy. The most significant results splitting, is similar to the observations reported by Rives
of this work can be summarized as follows. Under ap- et al. 38 in other types of experiments. Since the resonant
propriate experimental conditions, both population and transition in this case actually involves several overlap-
thermal gratings can be established. The nonlinear in- ping crystal-field components, it might be expected that
teraction between the laser fields in the material which several vibronic enhancement peaks should be seen. For
creates these gratings cannot be described by a simple example, these should appear near 5735 and 5748 A. Al-
two-level-system susceptibility model. Spatial exciton though there appears to be some increase in D in the
migration contributes to the destruction of the population former location, both of these wavelengths are in the re-
grating, and characteristics of the exciton dynamics can gion where direct absorption begins to occur. It is not
produce different grating decay patterns. The energy mi- possible to develop a greater understanding of the vibronic
gration can be enhanced through vibronic processes which processes without having available more detailed informa-
populate the upper crystal-field component of the meta- tion concerning the phonon properties of the host crystal.
stable state and through excitation processes which selec- It is important to define the term coherence since it is ---

tively excite higher-concentration subsets of ions within commonly used in different ways to describe energy
the inhomogeneous spectral profile. The dominant transfer in solids.' - 3 Some authors reserve the term
scattering mechanism which limits the exciton mean free coherence for describing the case where the ion-ion in-
path appears to be scattering from defects and boundaries teraction is so strong that the energy transfer must be
in the crystals. described by a spreading wave packet using Schr6dinger's

The theory of four-wave-mixing interactions in solids is equation. Others have used the term to describe the case
still in the process of being developed. The multiple- where an exciton moves as a quasiparticle with a given
energy-level system treated here allows the inclusion of momentum so that it travels over many lattice spacings,
excited-state absorption and dispersion effects not present maintaining its phase memory before scattering occurs. If
in a simple two-level system. Although there is no a numerous scattering events occur within the lifetime of
priori justification of using a linear combination of sus- the exciton, this can still be described by a diffusion equa-
ceptibilities as done in See. VI, this is the simplest way of tion. The use of the term coherence in Sec. V is associat-
treating a multilevel system and is meant only to be a first ed with this type of long-mean-free-path exciton motion.
approximation in the development of this type of model. The observation of experimental results which may be
The theory predicts a strong deviation from the quadra- interpreted in terms of partially coherent exciton migra-
tric dependence of scattering efficiency on pump power tion reported here is extremely important since it can pro-
predicted by a two-level-system model, which is con- vide an opportunity to experimentally study the charac-
sistent with the experimental results. Future development teristics of this type of quasiparticle motion. Theoretical
of this model should involve more sophisticated methods models of this type of energy transfer have been developed
for treating the susceptibility of a multilevel system, the previously without any possibility of experimental verifi-
effects of Gaussian wave fronts,33 and the effects of beam cation. The work of Kenkre25' 26 provides the theoretical
depletion. Some progress in the latter area has been re- model most closely describing the experimental situation
ported recently.36  of this study. However, approximations made in Kenkre's

. . . .*" .
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Here a multiple-parameter, nonlinear-regression, least-squares-
fitting routine. Although with a complex expression such

F1.i=cosA-8isinA, F3. =1 as Eq. (15) involving eight adjustable parameters it should
F2,i =sinA-6icosA, F4,i = 1, 7) be possible to generate a variety of different curve shapes,

it turns out in this case that to obtain any better fits to the 7.
%YE =(2L/cos0) Riaoi/0 ( -8). data than those shown in the figure requires unphysical

a =1,2 values for one or more of the fitting parameters. Table II
lists the values of these parameters used to obtain the fit-

Under more restrictive simplifying assumptions this ex- tings shown in the figures. The fitting is good for the
pression reduces to the one obtained previously.1 2 Al- x =0.2 sample with high-power-density conditions, but
though it is rather cumbersome to work with such a com- for the low-power-density conditions it does not predict a
plicated equation in fitting experimental data, any further curvature as strong as that observed in the experimental
assumptions mask the results of some of the physical pro- data. For the x = 1.0 sample the fits are reasonably good
cesses underlying the mechanisms of four-wave mixing in for both power-density conditions in the regions of low to-
a multilevel medium. Figures 11 and 12 show the results tal power, but significant disagreement between theory
of measuring scattering efficiency versus laser-pump and experiment occurs in the high-total-power region.
power for both samples at room temperature with the ex- Although there is no way to obtain exact values for the
citation wavelength in the direct-transition spectral re- parameters in Table II from independent measurements,
gion. Measurements were made in two different ranges of the values obtained from the fitting procedure are physi-
power densities by changing the focused-beam cross- cally reasonable. It is interesting to note that for both
section area in the sample. The results change significant- samples the value of R required to obtain the best fit to
ly for the two different measurement conditions, indicat- the data is significantly greater in the high-power-density
ing that scattering efficiency is sensitive to power density case compared to the low-power-density case. This would
as well as total pump power. It is immediately obvious be expected if the multilevel model proposed here is valid.
that the results do not obey a simple quadratic dependence The fact that there is some discrepancy between theory
as predicted by a simple two-level-system model.23 In- and experiment shows that there are other physical pro-
stead, the curves are almost s-shaped with the curvature cesses occurring which are not taken into account in the
being more enhanced for the x =1.0 sample and being model used here. One possible effect that might be im-
greater for lower power densities. portant is beam depletion in the sample. This would be --

The solid lines in the figures represent the best fits to more important in the highly concentrated material,
the data using Eq. (15) and treating R, 8j, ai, loi, and A which is consistent with the poorer fit between theory and
(with i = 1,2) as adjustable parameters. This was done on experiment obtained in the x = 1.0 sample compared to
a Digital Equipment Corporation LSI- I1 computer using the x =0.2 sample. Another improvement of the model

m 1 "
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FIG. 11. Variation - f scattering efficiency with pump-beam FIG. 12. Variation of scattering efficiency with pump-beam
power at low-flux levels at T=300 K and a crossing angle of power at high-flux levels at T = 300 K and a crossing angle ofT°.  L is for x = .0 and = 5 145 . C is for x =0.2 and 10'. zA is forx= 10and ,,=5750 o is for x =0.2 and

" X ... 5750 A. See text for xplanation of theoretical lines. kX,= 5750 A.
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or from d-d transitions after intersystem crossing. The relative

importance of these two types of emission depends on the specific

environment of the Rh2 + ion in the host crystal. 8  In RbCaF3

crystals the Rh 2 + emission comes entirely from spin allowed d-d

transiti ons.

Figures 1 and 2 show the fluorescence emission spectra and

lifetimes obtained at room temperature after excitation by the

frequency tripled output of a mode-locked Y2 A150 12 :Nd laser. The

excitation was at 354.7 nm with a 30 ps pulse. Similar results

were obtained using a nitrogen laser which provides a 10 ns pulse

at 337.1 nm. A 1/4-m monochromator with a PAR silicon diode

array detector and optical multichannel analyzer were used to

- monitor the emission spectra, while the lifetimes were detected

with an RCA C31034 phototube and photographed on a storage oscil-

liscope. For low energy excitation, the fluorescence spectrum

*appears as a broad band peaked at 710.0 nm with a full width at

half maximum of about l nm and a fluorescence decay time of 9.0

As. At high energy excitation, the position of the emission band

remains unchanged but the halfwidth narrows to about 7 nm and the

lifetime shortens to about 0.13 As.

The abrupt lifetime shortening and spectral narrowing at a

specific threshold pump energy are indicative of the onset of

. stimulated emission. In order to directly measure the effects of

* this "laser action", single pass gain measurements were Performed

using the experimental setup illustrated in Fig. 3. The tripled

output from the Y2 A150 1 2 :Nd laser operating above threshold was

* used as the pump source and the output from a nitrogen laser-

. *



pumped tunable dye laser was used as a probe beam. The dye used

was a mixture of rhodamine 610 and oxazine 725 since this

provided the ability to tune across the entire fluorescence

emission band. A storage scope was used to measure the change in

the probe beam intensity when the Pump beam was turned on. Gain

*- was observed in the tuning range from approximately 700 to 720 nm

as shown in Fig. 1.

The results described above give the fundamental laser

Properties of RbCaF3 :Rh2 summarized in Table I. The peak gain

coefficient was measured to be 7=0.54 cm - 1 .  This can be used to

determine the population inversion at threshold from the

expressi on

AN=SAv Tn2/X2 .  1)>

Here Av, r, and A are the half-width, radiative lifetime, and

peak position of the fluorescence band, respectively. Using the

measured values for these Parameters yields AN=3.4xl0 17 cm - 3 .

This number can be independently verified from the measured value

of the pulsed pumping threshold energy density, Eth=O.06 3 3/cm 3 ,

which is related to the threshold population inversion by

AN=Eth/hu. (2)

From this approach, a value of AN=2.3x10 1 7 cm - 3  is determined

4 which Is consistent with the value obtained from gain measure-

ments. For simplification, an intermediate value of &N=3xlO17 is

listed in Table I and used to calculate the peak stimulated

* emission cross section from the relationship

op=V/AN. (3)

This is also given in the table. The value of the cross section

obtained from these measurements is consistent with the value



predicted from spectral parameters using the equation

ae=X 2 /(8wcn2Adrf1 . (4)

The exact values of the laser parameters listed in Table I

* must be considered as only rough estimates due to several

factors. These include perturbations associated with scattering

losses because of poor sample quality, feedback due to cleaved

sample faces, and unknown properties such as the exact value of

the quantum efficiency. Despite these uncertainties, the

measured values of gain and cross section are very favorable

compared to those of other vibronic laser systems based on 3d

transition metal ions. The symmetric shape of the emission band

and tuning curve indicates that excited state absorption does not

effect the stimulated emission properties of this material.

The results reported here are unique in two asPectsx This is

* the first observation of stimulated emission and tunable gain in

a crystal with a 4d transition metal as the active ion, and the

first solid state laser system pumpej through a charge transfer

band. This suggests that many different 4d and 5d transition

metal ions as well as other charge transfer molecular ions in

solids may be useful in tunable solid state laser systems.8  The

future potential of these materials depends on the development of

improved crystal quality which should reduce scattering losses

and increase the fluorescence lifetime. When such samples are

obtained, an attempt will be made to flashlamp pump the system.

- ACKNOWLEDGMENTS. This work was sponsored by the U.S. Army

4; Research Office and bY the Office of Naval Research.

* m
L° q..



TABLE 1. Spectral and Laser Parameters for RbCaF3 :Rh7
2 + Crystals

Spectral Parameters Laser Parameters

xCnm) 710 EthCj/cm 3)=0.063

A~l/ 2 (nm)=17 ANth(cM3 zx0 1

rf (P.s)=9. 0 (C,& 1 ) =0.54.

ae (CM2 ) 1. 1 x10-1 8 Crp Ccm2 )= 1. ex10-1 8

Tuning Ranges

700-720 nm
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FIGURE CAPTIONS

FIG. 1. Room temperature emission spectra and gain of a

RbCaF3 :Rh
2 + crystal. The solid line is the fluorescence

emission with peak Pumping pulse energy density below

threshold while the dashed broken curve is the fluorescence

after pumping above threshold. The circles are the results

of single pass gain measurements.

FIG. 2. Room temperature fluorescence decay time of RbCaF3 :Rh2+

as a function of Peak Pumping pulse energy at 354.7 nm.

FIG. 3. Block diagram of experimental setup for single pass gain

measurements.
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Recent Results on the Spectroscopy of Transition Metal Ions
For Tunable Solid State Lasers

Richard C. Powell
Department of Physics, Oklahoma State University

Stillwater, Oklahoma 74078

1. Introduction

The recent expansion of electro-optic based technology has produced a demand
for laser systems having a variety of different operational parameters. In
many cases, solid state lasers are the most desirable choice because of their
ruggedness and minimum maintenance requirements. Because of this, there is
significant interest in research and development on optical materials for use
as solid state lasers. Materials which exhibit broad band vibronic emission
are of special importance in developing lasers whose wavelength can be tuned
continuously over a broad spectral range. Research in this area can be di-
vided.into categories: searching for new vibronic laser materials and im-
proving existing vibronic laser materials. This paper summarizes the results
obtained so far on several projects currently underway in our laboratory which
fall into one or the other of these two categories.

Modern optical spectroscopy techniques.-provide powerful methods for studying
the fundamental properties of a material-which are important in characterizing
its potential for use in solid state laser systems. The development of dif-
ferent types of laser spectroscopies allows us to probe the properties of a
sample with much higher spatial, spectral, and temporal resolution than ever
before available as well as allowing us to monitor the response of a material
to nigh power laser radiation and coherent driving fields. The information
gained from these experiments can be correlated with crystal growth parameters
ti help develop improved material quality and in addition can be correlated
with laser operational parameters to identify pnysical reasons for device
limitations. The use of several different experimental methods to completely
characterize all aspects of the spectral dynamics of a material is important
in determining its optimum properties for device applications. A variety of
techniques are currently being used in our laboratory including time-resolved
site-selection spectroscopy, four-wave mixing spectrocopy, picosecond spec-
troscopy, nonlinear spectroscopy, and Raman microprobe spectroscopy. Several
of these were used in the work described below.

In the following sections, three different projects are discussed. The
first involves a survey of the spectroscopic porperties of 4d and 5d trans-
ition metal ions in different types of nost crystals. The second concerns
the use f Raman microprobe techniques to identify scattering centers in
AI20 3:Ti crystals. The final project involves measuring the four-wave
mixing properties of alexandrite crystals.

- -- ----
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II. Spectroscopic Survey of 4d and 5d Transition Metal Ions

The currently oeratin vibronic lase s are all based on 3d transition metal
ions usch as Cr + ! Ti3 3 Co2+ , and NiE + in various types of host crystals.

2 Another class of ions which have similar unfilled d-electron configurations
are the 4d and 5d transition metals. Figure 1 lists the ions of this type
in terms of their electron configurations. Under certain conditions, chemical
complexes incorporating these ions are known to exhibit efficient broad band
fluorescence emission as desired for tunable laser applications. However,
little work has been done on studying the spectroscopic properties of these
ions as dopants in host crystals. We are presently carrying out an investi-
gation to evaluate the potential of these ions in solid state laser materials.
So far, divalent ions of Ru, Rh, Ir, and Pt have been studied and found to
have similar spectral properties [l]. In this paper, the spectroscopic prop-
erties of Rh2+ in three different host crystals are compared as an example
of the results obtained in this project.

The 4d and 5d transition metal ions of interest to this work have greater
than half filled shells. The d5 through d8 electron configurations all have
low lying excited states. strongly coupled to the crystal field of the host.
Since the 4d and 5d ions have strong spin-orbit coupling, a simple crystal
field analysis of the dn states does not provide as accurate a description
of the energy levels of these ions in crystals as it does for 3dn ions [2].
However, it is generally true that there are several excited levels whose
energy with respect to the ground state increases significantly as the crystal
field increases and whose transitions to the ground state are either domi-
nantly spin allowed or spin forbidden. These properties are favorable for
broad band vibronic emission. Figure 2 shows a schematic configuration coor-
dinate diagram for this type of ion. Strong charge transfer (CT) transitions
dominate the absorption. After excited state relaxation, either the energy
can be emitted from this cahrge transfer-state or intersystem crossing to the
d levels can occur. Since there are several different d levels, the energy
is distributed among these after which both radiative and radiationless emis-
sion occurs. The fluorescence lifetimes of the CT, spin allowed d, and spin
forbidden d transitions are of the order of nanoseconds, microseconds, and
milliseconds, respectively. This variety of types of levels and transitions
results in complex spectral dynamics for these ions.

For tunable laser materials, it is desirable to have strong absorption
bands and broad emission bands with high peak cross sections. The latter
quantity varies directly with quantum efficiency and inversely with the band
width and lifetime. Thus the ideal operating scheme for these ions would be
to pump into the charge transfer band and have efficient cross over of the
excited state energy to the d levels having spin allowed transitions to the
ground state with minimum radiationless loss. The CT absorption for each of
these ions in all of the host crystals investigated so far was found to occur
in the near uv spectral region. The CT absorption bands are strong, broad,
and structured with maxima occuring near 320 nm. This makes them ideal for
pumping with a N2 laser at 337.1 nm. The most important question is which
host crystals maximize cross over to the d levels for fluorescence emission.

The first set of host crystals investigated were the alkali halides because
of our ability to grow them easily. These were grown by the Czochralski
method in a dry nitrogen atmosphere. Good optical quality single crystals
were obtained which were cleaved from the boule perpendicular to the growth
axis to ensure uniform doping. Time-resolved fluorescence spectra were ob-
tained as a function of temperature to observe the spectral dynamics. The
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DIVALENT & TRIVALENT TRANSITION METAL IONS
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Fig. 1 d electron configurations for divalent and trivalent transition metal
ions
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x

Fig. 2 Simplified configuration coordinate model for interpreting the ob-
served spectral dynamics of 4dn and Sdn transition metal i1ons in
crystal s
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experimental apparatus employed N2 laser pumping and boxcar integrator detec-
tion. The details of the system are described elsewhere [l].

Figure 3 shows the fluorescence emission from KBr:Rh2+ at room temperature.
The strong, sharp band peaking near 380 nm has a lifetime of the order of 20
ns and is thus attributed to CT emission. The broad, structured band extend-
ing throughout the visible spectral region has a lifetime of the order of 25
us and is attributed to emission through spin allowed d-d transitions. As
temperature is lowered the fluorescence lifetime of the d emission increases
to about 80 .s at 10 K while the relative intensity ratio of the d emission
to the CT emission increases down to about 250 K and then decreases as tem-
perature is lowered further to 10 K. Analysis of these data allow for the
determination of the activation energy for intersystem crossing of the con-
figuration coordinate diagram shown in Fig. 2.

After demonstrating that emission through spin allowed d-d transitions can
occur in this material, the next problem is enhancing the fraction of emission
occuring in this mode compared to the CT emission. This can be done by shift-
ing the position of the CT configuration coordinate compared to the configu-
ration coordinates of the d levels in order to lower the potential barrier
for crossover. Since the CT levels are strongly affected by changes in their
ligand environments, the introduction of lattice defects such as vacancies
as nearest neighbors to the Rh2+ ions should change the CT levels signifi-
cantly. Two processes were attempted to accomplish this. The first was
thermal annealing. The sample was heated to 600 C and quenched on a copper
block. The second process was irradiating the sample wtth a dose of 1 0t rads
of electrons from a 2 MeV van de Graaff accelerator. The spectra obtained
after each of these treatments are shown in Fig. 3. Both treatments were
successful in producing a relative enhancement of the d emission. The radia-
tion treatment results in a greater increase in the low energy part of the d
band and the thermal treatment resul-ts i= a greater increase in the high
energy part of this band.

The spectral parameters obtained in this work are summarized in Table 1.
r represents t e size of the site occupied by the Rh2+ ion which has an ionic
radius of 0.8 A x is the peak wavelength of the d emission band and A; is
the full width of te band at hailf maximum. -f is the room temperature
fluorescence lifetime of the d emission band and cp is its peak emission
cross section. It can be seen from the table that KBr crystals provide a M
host for Rh2+ which gives a good possible tuning range and a cross section
only slightly smaller than 3d transition metal ions. The major problem is
obtaining samples with increased dopant concentrations so that reasonable
gain can be achieved in laser operation. Attempts to grow single crystals
of alkali halides containing high concentrations of 4d and 5d transition
metal ions have been unsuccessful.

In order to work with higher doping concentration, different types of
host crystals were investigated. One interesting possibility is using a
crystal having a layered structure and diffusing the doping ions into the
regions between the layers instead of doping during the growth process. For
this purpose, samples of Na1 67Mgo0 67Allo 33017 (V) were obtained from Oak
Ridge National Laboratory. These Na 3"-alumina crystals have layers with the
spinal crystal structure bridged by Na+ ions [3]. The spacing between the
layers is about 11.27 A. By heating this crystal for several hours in a
moulton solution of NaCl-RhCl 3 with varying concentrations, it was possible
to diffuse Rh2+ ions into the open planes and replace the Na+ ions in
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Degenerate four-wave mixing was observed in alexandrite crystals (BeAI2O4:CrJ+), and the signal
beam efficiency and decay rate were measured as functions of pump beam-crossing angle, wave-
length, and power. The results are consistent with scattering from excited-state population gratings
related to the difference in dispersion of the Cr3+ ions in the ground and metastable states. These
gratings can be selectively established with Cr + ions in the inversion or mirror sites depending on
the excitation wavelength. Strong scattering occurs only for pump beams polarized parallel to the b
direction of the crystal.

I. INTRODUCTION gate to the write beam Pt and is partially diffracted by
the grating. The Bragg diffraction condition results in the

The most successful type of tunable solid-state laser signal beam leaving the sample in a direction phase conju-
developed to date is based on alexandrite crystals gate to write beam P2 . The intensity and decay time of
(BeAl20 4:Cr 3+).1 Because of this, there has been a signifi- the signal beam are related to the modulation depth and
cant amount of work done in studying the properties of relr--,;-,n of the grating.
alexandrite. 2 - 9 One area that has not yet been thoroughly
investigated is the nonlinear optical characteristics of this II. SUMMARY OF RESULTS
material. Such characteristics can be important in deter-
mining device properl.es for high-power laser operation. Attempts were made to perform the experiments with
One manifestation of nonlinear interactions of laser beams all combinations of crystal orientations and laser polariza-

in a solid is four-wave mixing (FWM) which occurs tions. Strong FWM signals were only observed with laser

through the third-order component of the susceptibility beams polarized parallel to the b axis with propagation

tensor. FWM can arise from several different types of occurring along either of the other two crystallographic

physical processes including thermal, excited-state popula- directions as shown in Fig. 2. Much weaker signals were

tion, and charge-migration effects. It has practical appli- obtained for light polarized parallel to the c axis and no

cations in optical information processing and phase conju- FWM signal could be detected for light polarized parallel

gation, as well as being a useful spectroscopic tool for to the a axis. Figures 3 and 4 summarize the observed
studying properties of solids which are difficult to investi- FWM characteristics obtained with the strong signal
gate by other methods.'" We report here the first measure- geometry shown in Fig. 2.

ments of four-wave mixing in alexandrite crystals and Degenerate FWM measurements were made for three

show that the results are consistent with a model based on laser wavelengths, 488.0, 514.5, and 579.1 rum. The signal

excited-state population gratings of Cr - ions in different
types of sites. ING DYE ARGON-ION

The sample investigated was an oriented cube of M sTALOK LASER LASER

BeAI,0 4 with each edge measuring about 5 mm. It con- -AE

tained 0.0897 at. % Cr3+ ions with about 78% of these M
being in mirror sites and the rest in inversion sites. The . >sstr

experimental setup used for degenerate four-wave mixing PD

measurements was described previously" and is shown cS

schematically in Fig. 1. The work discussed here was VND XAPJ"LE9l

done at room temperature using either an argon-ion laser . MS L

or a ring dye laser with R6G dye as a source. The powers P-\ - l " TRIGGER

of the write beams (P,.P,) and the read beam (P,) are
controlled by the variable beam splitter and neutral- "
density filter (VBSVND). The write beams cross in the M - OXCAR VERAGERf-RECORDER

sample at an angle 0 and their interference forms a sine- M" x  [

wave pattern which acts as an index of refraction grating.
A chopper ,CI is used to turn off the write beams. The FIG. I. Block diagram of experimental apparatus used for
read beam enters the sample in a direction phase conju- four-wave mixing.
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TABLE I. SummarY of Results
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kD-1(150 K)-76 As kT-1 '4.0 As

AESB-6 12 cm - 1  AEDl15 cm - 1

AEo-938 cm - 1  NT/NSO. 1
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The relative intensities of the two bands vary significantly with
temperature. The fluorescence lifetime of the 700 nm band
decreases from about 3.17 ms at 10 K to about 1.33 As at room
temperature. The 900 nm band has a lifetime of about 700 As at
50 K and about 1.93 As at room temperature. In addition the long
wave length band exhibits a rise time in its emission pattern
which decreases from about 107 As at 50 K to about 1.21 As at
room temperature.

The time and temperature dependences of the spectral
dynamics described above can be interpreted using the model shown
in Fig. 4. This is based on the concept of having Mn' + ions in
two nonequivalent types of sites in the lattice. The first are
ions in normal lattice sites. These form an exciton band and
directly absorb the pump light. At low temperatures, lattice
relaxation around the excited ions causes a self-trapping of the
exciton and fluorescence is emitted as t*, 700 nm band. At
higher temperatures the exciton can become thermally activated
and hop through the lattice until it becomes trapped at a Mn2 +

ion with Perturbed energy levels due to a neighboring chemical or
structural defect. Ions in this type of site are the orgin of
the 800 nm fluorescence. Using the Parameters shown in Fig. 4,
rate equations can be written to describe the time dependences of
the concentrations of mobile and trapped excitons. The
solutions of these equations are proportional to the fluorescence
intensities from ions in the two types of sites. These equations
can be fitted to the observed experimental data with the energy
transfer rate, thermal quenching rate, thermal activation
energies, and fractional concentration of defect sites treated as
adjustible Parameters. In addition, the rise time data Provides
the information necessary to separate the total transfer rate
into its individual components representing the exciton diffusion
rate and the trapping rate.

The Parameters obtained from the model and fitting approach
discussed above are summarized in Table I. The important conclu-
sions from this analysis ares (1) The thermal quenching tempera-
ture of Mn 2 + Ions in normal lattice sites in this material is
above room temperature. (2) Fluorescence quenching occurs
because of efficient energy migration to Mn2 + ions in trapping
sites. In the samples of Mn2 SiO 4 presently available, the con-
centration of trapping sites is quite high. If future develop-
ments in materials Preparation are successful in decreasing the
amount of chemical and structural defects in the crystals, it
should be possible to Produce concentrated manganese materials
with spectral Properties favorable for use in tunable solid state
laser applications.
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SPECTROSCOPIC EVALUATION OF Mn 2SIN AS A
POSSIBLE TUNABLE LASER MATERIAL

Lin Xi, Robert H. Schweitzer, and Richard C. Powell
Physics Department, Oklahoma State University

Stillwater, OK 74078

and

S.M. Loiacono and S. Mizell
PhiliPs Laboratories

Briarcliff Manor, NY 10510

Mn2SiO4 is a concentrated manganese system exhibiting broad-
band fluorescence at room temperature. Time-resolved sPectros-
coPy results were obtained as a function of temperature and are

*e analyzed to determine the ion-ion interaction and radiationless
quenching Properties of this material.

Mn2 +  ions in crystals are known to have broad fluorescence

emission bands. 1- 4  The transition Producing this emission is
between the 4 T1 g and 6Alg levels of the 3d electron config-
uration shown in Fig. 1. SInce this involves a redistribution of
electrons between the crystal field split d states, the trans-
ition energy is sensitive to crystal field modulation and thus
appears as a broad vibronic band. In normal Mn + doped crystals,
the oscillator strengths of the absorPtion transitions are so
small that the system can not be efficiently oPtically PumPed.
One way to overcome this problem is increasing the concentration
of manganese ions. However, concentrated manganese systems
generally exhibit strong radiationless quenching which leads to
the disappearance of fluorescence at room temperature.1-4

Figure 2 shows the room temPerature fluorescence emission of
some concentrated manganese crystals whose spectral ProPerties
have not been Previously characterized. The appearance of rela-
tivelY strong room temperature fluorescence indicates weaker
radiationless quenching than is present in other stoichiometric
manganese crystals. To evaluate the Potential usefulness of
these materials in optical applications it is imPortant to char-
acterize the complete spectral dynamics of the system. The
results of our investigation of the properties of Mn2 SiO 4
crystals are summarized below. The laser-excited, time-resolved
sPectroscoPY setup used for this work has been described
Previously.

* The fluorescence emission of Mn 2 SiO 4 after Pulsed laser
excitation evolves in time from a band Peaked at 700 nm to a band
peaked at 800 nm. The time evolution of the ratio of the fluor-
escence intensities of the two bands at 150 K is shown in Fig. 3.

* .. -.*. .. . .*.**,* .*1
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of crystals. These very different projects demonstrate how optical spectro-
scopy techniques can be used in vibronic laser research both in the search
for iew materials and in improving existing materials.
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fluorescence from Ti3+ was detected. When the laser was focused onto a
scattering center the results were significantly different. No background
Ti3t fluorescence was observed and the Raman peaks shifted to positions simi-
lar to those obtained on a sample of TiO2. The latter spectra are shown in
Fig. 5.

The results of this work indicate that inclusions of TiO2 precipitates are
responsible for the scattering centers in Al203:Ti 3+ crystals. Adjusting
crystal growth parameters to minimize the formation of these precipitates
has resulted in crystals with a greatly reduced concentration of scattering
centers.

IV. Four-Wave Mixing in Alexandrite Crystals

BeAl204:Cr 3+ (alexandrite) has been the most successful tunable solid state
laser material to date [8]. To fully understand its operational limitation,
it is important to understand all of the physical properties of the material.
So far the nonlinear optical properties of alexandrite crystals have not been
well characterized and we are currently using degenerate four-wave mixing
techniques to do this [9].

This geometry of the experiment is shown in Fig. 6. Two beams from either
an argon laser or an argon-pumped dye laser with R6G dye cross at an angle
e inside the sample in the ab plane with horizontal polarization. The inter-
ference of these write beams Pl and P2 produce a holographic grating in the
sample. The probe beam Pr is aligned conjugate to one of the write beams and
Bragg diffracts off of the grating to give the signal beam S. By chopping
the write beams off and monitoring the decay of the signal beam the dynamics
of the grating decay can be studied... .

We established and probed transient holographic gratings in an alexandrite
crystal at three laser wavelengths, 488.0, 514.,5, and 579.1 nm. The maximum _

phase conjugate scattering efficiency was approximately lO" for each of these
wavelengths for the orientation shown in Fig. 6. It was possible to form
gratings only in the b direction. By measuring the grating decay rate as a
function of the crossing angle of the write beams, it was found that the
grating decay was consistent with the decay of the Cr ions from the 2E
level. This shows that the four-wave mixing is due to an excited state popu-
lation grating and that no long range energy transfer among Cr + ions occurs.
In addition, the results indicate that the 579.1 nm excitation selectively
creates a grating with ions in the mirror sites while the other two wave-
lengths selectively create gratings with ions in the inversion sites. Figure
7 shows the variation of four-wave mixing scattering efficiency with write
beam laser power. In general a quadratic dependence is observed as expected.
Deviations from this occur for gratings created near the crystal surface.
Also at high powers a tendency toward saturation can be observed.

The direct importance of nonlinear optical effects such as those described
here to laser performance is not yet clear.

V. Summary

The preceeding sections describe the use of time-resolved spectroscopy tech-
* niques to elucidate the spectral dynamics of 4d and 5d transition metal ions

in crystals, laser Raman microprobe spectroscopy to identify crystal defects,
and four-wave mixing spectroscopy to characterize nonlinear optical properties
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concentrations of the order of 1 wt.%.

The Rh2 + absorption in "-alumina crystals was again due to a CT band in
the near uv region [4]. The fluorescence obtained at room temperature at
two times after the N2 laser pumping pulse are shown in Fig. 4. The broad
fluorescence emission band has a lifetime of about 5.2 ms implying that the
dominant emission is from a spin forbidden d-d transition. This results in
an extremely small peak emission cross section as listed in Table 1.

LiNbO3 crystals are another type of host for Rh
2+ ions. As indicated by

the results given in Table 1, this material produces a broad emission band
peaking near 568 nm and having a fluorescence lifetime of 0.577 us. This
results in a very favorable peak emission cross section. Since laser induced
"optical damage" which produces light scattering and absorption is known to
be a severe problem in LiNbO3 crystals, they are not suitable for laser host
materials. However, the spectral trends seen from the data listed in Table I
may be helpful in identifying an appropriate host crystal for Rh2+ ions. As
the parameter r decreases the crystal field strength at the Rh2+ ion site
increases. The data show that the positions of the d emission band peaks
shift ot higher energy with increasing crystal field strength as predicted by
the Sugano-Tanabe diagrams and the fluorescence lifetimes become shorter
indicating a shift from predominantly spin forbidden to predominantly spin
allowed emission. Apparently an optimum host for producing the desired peak
emission cross section and accepting a high concentration of dopant ions will
be one in which the Rh2+ ions replace ions having similar ionic radii. Var-
ious possibilities are currently being considered.

III. Laser Raman Microprobe Analysis of Al203:Ti3+ Crystals

. Tunable vibronic laser action has been obtained from Ti3+ ions in Al203 cry-
stals and this material appears to quite-promising as a new tunable solid
state laser [5]. One problem which has inhibited the development of A1203:
Ti3+ lasers is poor crystal quality. Although new crystal growth methods -

for sapphire based on heat exchange techniques have greatly improved undoped
host crystal quality, doped crystals suffer from the presence of small inclu-
sions or bubbles. These scatter light and thus act as a loss mechanism when
the material is used in laser applications. Thus it is important to identify

* the nature of these scattering centers so crystal growth parameters can be
" changed in such a way to minimize their concentration.

Laser Raman scattering has been developed as a useful spectroscopic tool
for identifying different chemical species. Used in conjunction with a
microscope, laser Raman microprobe spectroscopy can be used to study micron
size regions of a sample [6]. We recently applied this technique to the
study of inclusions in Al203 :Ti

3+ crystals using a Spectra Physics argon ion
laser with an Instruments SA microscope, monochromator, and computer system
[7].

The samples used in this work were grown by Dr. J. L. Caslavsky using the
VSOM method. A significant concentration of scattering centers could be seen
visually. Laser Raman microprobe spectra were obtained both in the normal
region of the sample and by focusing the laser on one of the scattering
centers.

*4 In the perfect region of the crystal the Raman peaks coincided closely
with those observed in undoped sapphire crystals and a strong background
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~FIG. 2. Geometry of the laser-beam directions and polariza-v-
• tions with respect to the crystallographic axes for obtaining a " .1"
'- strong FWM signal in alexandrite crystals.° 6 * ma/ a

P, 0
beam decay rate K and scattering efficiency /, were deter- 20~ • • •

mined at various write-beam crossing angles between 1. 756 2 3 4 5 6 7 6
and 26. 5 with various laser powers between about 2 and i (10 " W)
400 mW for each write beam. The signal decay was pure-
ly exponential for all measurements in the time regime in-a
vesiated. The decay rate was found to be in deent iG a FM5sinal da rate versus pump bem cro s
ofmp atvrowiebeam crossing angle s 9boeal threweengh ing angle 0. 59 r ~;480nm() n 1. ()

0The solid points represent twice the fluorescence decay rates. b)

as shown in Fig. 3(a). The magnitude of the decay rate FWM signal-decay rate versus total pump beam power. Upper
was significantly different for long wavelength pumping scale for X,=579.1 nn,: 9=3.5* (0); 9=11.5" (A ); 9=17.3
compared to pumping with the two shorter wavelengths. (0). Lower scale for ;L=488.0 nm: 9=l.75°(A)-9=6.0'il);
For each case it was approximately equal to twice the 0=26.5 ° 60); and for k,,=514.5 nm: 0=1.75' I,); 0=6.0°

fluorescence decay rate shown as solid points at 0=0*. (3); 6=26.5)(o
The grating decay rates were also found to be independent
of the power in the write beams as shown in Fig. 3(b).

For the long-wavelength dye laser pumping the relative
fraction of the probe beam converted to the signal beam value of the complex dielectric constant of the material
varied quadratically with laser power for all conditions in- when the Cr3  ions are in the ground or excited states,
vestigated. Pumping with the higher power argon-ion this sinusoidal excited-state population distribution acts as
laser at shorter wavelengths also produced quadratic a diffraction grating which scatters the read beam. When
dependences of FWM signal efficiencies at high write- the Bragg condition is satisfied, this becomes the FWM
beam crossing angles, but saturation effects were observed signal beam which can be theoretically expressed as4

for small crossing angles as seen in Fig. 4. If the write
beams are oriented to cross near the surface of the sample, ( t ) t[ (I)]=ie -Kt, ()

significant deviations from quadratic behavior and satura- where AN is the d:fference in the concentration of excited
tlion effects are observed. Cr 3+ ions between the peak and valley regions of the grat-

ing and I is the power of the laser write beams. The de-

cay rate K contains terms describing all physical processes

Ill. DISCUSSION AND CONCLUSIONS contributing to the grating relaxation. The term related to
the fluorescence decay of the excited ions is 2/r', where r

Tliesc results can be interpreted in terms of the model is the fluorescence decay time of the ions in the excited
FWVM ,Rel\. 12 and 13) based on scattering from a state. Other terms depend on 9 (such as long-range ener-

.: nduced. transient population grating. The interfer- gy migration) or on laser power (such as stimulated emis-
• the Gaussian wave fronts of the write beams in sion). The fact that the results obtained here exhibit ex-

-i,.,n 4f the.r crossing forms a sinusoidal pattern re- ponential decays with K=2/r independent of 0 and I
• '1a similar spa:tal distmbution of Cr 3 - ions in the shows that the gratings created are excited-state-

* , .,- ,,,ae Because of the difference in the absolute population gratings and that no effects of long-range ener-
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FIG. 4. Fraction of probe beam converted to FWM signal FIG. 5. Absorption and fluorescence spectra of
beam as a function of the product of the powers of the laser BeA12 O4:Cr'+.
pump beams. Bulk: X4=488.0 nm, 9=6*10)-,; =514.5 nm,
0=6' A;x* 8 nm, 0=26.5' (0); X=514.5 nm, 0=26.5'
(0). Surface: k=488.0 nm, 9=26.5* (U); k=514.5 nm,
.-=26.5°(). material when the ions are in the excited state and when

they are in the ground state. The former depends on the
cross section of the 4 A 2- T, transition which is seen in

gy transfer or stimulated emission are contributing to the Fig. 5(a) to be large for E b, medium for El Z, and
grating decay. small for Ella. This is consistent with the fact that a

The fact that the decay rates are significantly different strong FWM signal is only observed with the first of these
for the two different types of laser excitation can be un- polarization orientations, a weak signal with the second,
derstood from the absorption and fluorescence spectra and no signal with third.
shown in Fig. 5. The dye laser excitation at 579.1 nm ef- The complex dielectric constant is e=E,+ie1. The
ficiently excites Cr3  ions in the mirror sites as demon- change in e can be associated with either a difference in
strated by the dominance of the two R. lines in the the absorption coefficient, Aa= (21r/k)Aj/(e) 1 . or a
fluorescence spectrum. The measured fluorescence decay difference in the refractive index, An = 2AE,/(E, ) I,. In
rate is consistent with that of the coupled emission from a simple two-level model, the expression for FWM
the 2E and "T 2 levels of Cr3 ' ions in this type of site.' scattering efficiency is given by 2

On the other hand, the 488.0- and 514.5-nm excitation
wavelengths of the argon laser excite a significant number 77 =e -ar[sinh 2 (Aar/2) +sin2( rAnr/x)] , (2)

4 of Cr3 - ions in the inversion sites as seen by the enhance-
ment of the R1 lines from these sites in the fluorescence where =d/cosO with d being the sample thickness and

spectrum. The smaller fluorescence decay rate is con- a is the average absorption coefficient at the laser wave-

sistent with the weaker transition strengths of ions in this length X. Absorption gratings are associated with differ-
type of site.2 Excitation spectra for the ions in the two ences in the absorption cross sections of ions in the

types of sites verify the existence of different absorption ground and excited states. The 5 peak-to-valley difference
bands associated with these ions which result in the selec- in the absorption coefficient grating is

tive excitation for the three different wavelengths used.' 4  2[Noot (a 2-ai)]-

The strength of the FWM signal depends on the differ- 21a "

ence of the concentration of ions in the excited state be- 2ioa+(hv)rjj'
tween the peak and valley regions of the grating %N and where No is the total concentration of active ions. . 0 is
on the difference in the complex dielectric constant of the the energy density of the laser pump beams with phot-ti

.*- .. -.--

, . :.-. .. , / . " .. . ..., - .-, ..... .. .- -. .. - . ,* --, " -. . .*-, .- ., ..- . - . , ?
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energy (hv), and '21 is the fluorescence decay time of the TABLE 1. Summary of results of FWM measurements on
excited state. alexandrite.

Under optimum conditions, the scattering efficiency is Parameter Excitation wavelength (nto
mea.sured to be approximately 10- 3. Using Eq. (3) and FL 488.0 514.5 579.1

the excited-state absorption results reported in Ref. 8, the F--

numerator in Eq. (2), which represents the contribution to r1 - 10-  10- 3 - 10 -

the scattering due to an absorption grating, can be calcu- IV (W/cm2 ) 60 60 12
lated. Then using this result and the measured value for 77 X.:3 (Ms) 49.1 50.3 0.30

in Eq. (2), the denominator, which represents the contri- , (cm-*i, 0.36 0.54 2.80

bution to the scattering due to a dispersion grating, -an be N 2, (cm - ) 8.!4x 10! 1.31 x 1011 5.3x 10' 6

estimated. For the three laser pump wavelengths used in Aa (cm-) 2.62 X 10-1 0.00 -8.70 x 10- 4

* this work, the ratios of the absorption grating term to the An 6.74x 10-- 7.78y 10- 2.72x 0- 4

dispersion grating term are 3.0X 10 - 4 (488.0 nm), 0.0
(514.5 nm), and 3.0X 10 - 6 (579.1 rum). These results indi-
cate that for these excitation wavelengths the FWM signal power inside the sample is significantly greater for the

is due mainly to scattering from a dispersion grating. The 0=6* data than for the 0=26.5* data. Tihe values of N2p

parameterslisted in Table I for the three excitation wavelengths

Table 1. represent 13% (488.0 nm). 19% (514.5 nm), and 0.22%
Tais difficult to theoretically calculate the contribution (579.1 nm) of the ions available. Thus a significant num-

to the FWM signal due to dispersion changes since this ber of Cr 3  ions are in the 2E level in these experiments
involves the sum over all possible transitions of the Cr3  but the total saturation level of 50% is not reached. Note

involves the sum oversallapossibleptransitions ofsthetirn
ions in both the ground and metastable states. Using a that Eq. (5) shows that N2 , depends on the absorption

cross section, the laser power, and the metastable-state
simple two-oscillator model for dispersion, the change in lifetime. For Cr3  ions in the inversion sites the first of
the index of refraction between the peak and valley re- these factors is small but the latter two are large com-S gions of the grain anbaprxmated asJ6teefcosi ml u h atrtoaelrecm

-W)2+,y] gapared to the ions in the mirror sites. This explains why

2An =(N 2p,/no)f1 (1 -w/ow)/[4(w, -w) 2 +y 2] N 2p can be large for pumping with argon laser wave-
2lengths which fall in the valley between the two major ab-

+f( 1 2 } . (4) sorption bands shown in Fig. 5.

Here fi' is the effective oscillator strength of the ith tran- The FWM signal efficiency for alexandrite is approxi-

sition, Ii is the width of the transition, and woi--co is the mately the same as that of a similar sample of ruby.

detuning from the center of the transition. no is the index FWM in ruby has been investigated by several work-1r3,15,17-19

of refraction of the unperturbed sample. N 2p represents ers and the signal has been attributed to a Cr 3'

the number of ions in the excited state in the peak region population grating as proposed here. There is some
of the grating which is given by disagreement as to whether scattering is due to an absorp-

tion or dispersion grating. Thermal gratings with shorter,
N 2,=21oNour/[2 0ocr1+(hc/Xr21 )]. (5) angle-dependent decay rates were also observed in ruby' 9

and will be the subject of a future investigation of alexan-
Taking the two transitions originating from the ground drite. For both ruby and alexandrite crystals the laser-
and metastable states closest to resonance with the in- induced changes in the dielectric constant are significantly
cident laser frequency, Eqs. (4) and (5) predict values of greater for the population gratings created through pump-
An three orders of magnitude smaller than those listed in ing the Cr 3+ ions than for intrinsic host-crystal properties
Table I. The required values of An can be obtained from investigated by off-resonance pumping. 20 The nonlinear
this simple model only if the high oscillator strength properties of the type investigated here are known to af-
charge-transfer transitions in the near uv spectral region feet laser operational properties in ruby21 and thus may
are included. This latter conclusion is important in also be important in alexandrite laser operation.
developing a general understanding of the FWM signal in
materials such as transition-metal and rare-earth-doped ACKNOWLEDGMENTS

* crystals.
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IV. INVESTIGATION OF THE SPECTRAL DYNAMICS OF LASER MATERIALS

UNDER MULTIPHOTON EXCITATION ..

The manuscript in this section describes the results of

studying the spectral dynamics of the important laser material

Y3 A150 12 3Nd
3 +  following excitation by a high-power, picosecond

Pulse. This tYPe of excitation Produces transitions not observed

with normal flashlamp Pumping of Nd-YAG. This work resulted in .

the identification and characterization of the properties of new

multiPhoton absorption transitions, new metastable states, and

new radiationless relaxation Processes in this material. This

information may be useful in developing new excitation schemes _

for Nd-YAG lasers involving u.v.9 high power, or cascade PumPing

techniques.
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Spectroscopy of Y3Al5 O1 :Nd 3+

under high-power, picosecond-pulse excitation

George E. Venikouas, Greg J. Quarles, John P. King,* and Richard C. Powell
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078

(Received 7 March 1984)

High-power, picosecond-pulse excitation was used to study the dynamics of the pumping and de-
cay processes in Y3AIsO 12:Nd' +. The observed fluorescence spectral lines are assigned to transitions
from three different metastable states excited by both single-photon and two-photon absorption.
The branching ratios, lifetimes, and quantum efficiencies of the metastable states are obtained from
the data as well as the two-photon absorption cross sections. The results provide useful information
concerning ultraviolet pumping efficiencies of the Nd-YAG (Nd-doped yttrium aluminum garnet)
laser transition and the 5d-4f nonradiative decay rate for this material. In addition, the time-
resolved spectroscopy method employed here is shown to be an extremely sensitive technique for ob-
taining two-photon absorption cross sections.

I. INTRODUCTION an amplifier resulting in a pulse of about 30 ps in duration
and 25 mJ energy. Frequency-doubling, -tripling, or -qua-

Despite the importance of Y3AI5012:Nd3 + (Nd-YAG) drupling crystals are used to obtain the desired wave-
as a solid-state laser material, there are still some aspects length for sample excitation.
of its spectroscopic properties which are not well charac- The sample investigated was cut from a commercial
terized.' One area in which very little work has been done laser rod and contained 0.87 at. % Nd3 + . The quantum
is in studying the pumping and relaxation dynamics of the efficiency of the 4F312 level was previously measured to be

- higher-energy electronic states of the Nd3+ ion. 4 These about 60%."
states can be reached by ultraviolet, x-ray, electron-beam, The sample fluorescence is analyzed by a T-m mono-
or high-power multiphoton visible laser excitation. For chromator and detected by an RCA C31034 photomulti-
some specific applications, these pumping sources may be plier tube. The signal is processed by a boxcar integrator 7.
preferable to the standard visible flashlamp pumping and triggered by the laser to obtain time-resolved spectra. The
thus it is important to understand the spectral dynamics signal-to-noise ratio is improved by a signal averager be-
of these upper energy levels, fore the results are displayed on a chart recorder. A beam

We report here the results of an investigation of the splitter picks off part of the pulse to monitor the shot-to-
spectroscopic properties of a Nd-YAG crystal after exci- shot intensity variation of the laser.
tation by high-power picosecond pulses from the various The energy levels of the 4f 3 electronic configuration of
harmonics of a Nd-YAG laser. The time-resolved Nd 3 + are shown in Fig. 2. Additional states belonging to ..-'
fluorescence spectra, fluorescence lifetimes, and rise times
were measured as a function of laser power for
frequency-doubled, -tripled, and -quadrupled Nd-YAG
laser lines. The results are consistent with emission from

- three metastable states after single-photon and two- A-
photon pumping. Models are proposed to describe the ob- .
served spectral dynamics, and comparing their predictions l--- ,--- ---
to the experimental results provides information such as
the quantum efficiencies and branching ratios for the
metastable states as well as the two-photon absorption

4 cross sections. The results provide the first measured
value for the 5d-4f radiationless decay rate for this sys-
tem. In addition, it is shown that the time-resolved spec-
troscopy technique employed here is a very sensitive way
to determine two-photon cross sections.

4 II. EXPERIMENTAL PROCEDURE
FIG. 1. Experimental apparatus for high-power, picosecond-

A block diagram of the experimental setup is shown in pulse excitation experiments. The laser is a passively mode-
Fig. 1. A passively mode-locked, Nd-YAG oscillator pro- locked Nd-YAG system with a single-stage amplifier and
vides a train of pulses and a pulse-switching network frequency-doubling, -tripling, and -quadrupling crystals. F, flu-
selects a single pulse from the train. This is sent through ter; BS, beam splitter; L, lens S, sample.

30 2401 © 1984 The American Physical Society
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-0 r, i* - - - 8 
--"'-.r w. ,J , -20) t=20ns
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-%, -" .. - ': ;FIG. 3. Fluorescence spectra of Nd-YAG at two times after

FI2. Energy levels of the 4f 3 configuration of Nd3 + with
important multiplets labeled, approximate crystal-field splittings single-photon absorption in the G/ level and two-
indicated by linewidths, and the observed m etastable states in ph t n a s r t on tGh 7( )s 2l v l '  or F / ) hYAG indicated as semicirces. (The highest metastable state is ti ed o p tat 5 .7 n gvssng-photon absorptionto he (F ),2lv L or 2F 1 . T ereferred to as either (F2)sf or fl'F5 4 in the literaure;Z3 we tiple tputat/ 354. n giesigl-photsron absorption

in

have arbitrarily chosen to use the former notation.) The impor- th Dlelantwpoonbsrininhed
tant absorption and emission transitions for the different exia levels. The quadrupled output at 266 nm results in*tion wavelengths used in this work are also shown. The solid ar- single-photon absorption in the 2 (F2)5 /2 level and no ob-
rows with straight shafts represent radiative transitions, and served two-photon absorption. The properties of the
those with dashed shafts represent two-photon transitions; the fluorescence emission observed after these different types
wavy shafts represent radiationless transitions. Arrows with of pumping are discussed in the following sections.

S open heads represent infrared transitions which are implied but
not directly observed in this work.

.. HI. RESULTS FOR 266-nm PUMPING

-- Figure 3 shows the fluorescence spectra obtained at twothe 4f 25d configuration are found at higher energy begin- times after the excitation pulse for quadrupled Nd-
ning at about 40000 cm- 1 . Typical spectroscopic sttuies YAG-laser pumping at 266 n. For this excitation

•,. have involved excitation in the visible region of the sre- wavelength, the emission intensity of all of the lines in the". trum, resulting in fast radiationless relaxation to the 4F3 ,,2  spectrum are found to vary linearly with pump power, in-

S in the near-infrared spectral region. The four Nd- exciting all of these transitions. The spectral lines can be
-"- YAG-laser harmonic lines used for pumping are shown divided into twG, distinct groups according to their life-*. in the figure. Attempts to excite fluorescence with multi- times as seen by the spectra recorded at two different
-- photon absorption of the primary 1064-un radiation were times after the pulse as shown in Fig. 3. These are associ-

unsuccessful. The doubled output at 532 nm resulted in ated with fluorescence emission transitions from two dif-

•TABLE I. Chrctrstics of metastable states in Nd-YAG.

State." Parameter 'F, 'P, '(F 2)s

t, r (pa) 220 0.32 3.02
. q0.60 0.96 0.99400 

(c - ) 4600 2150 3400! BI 4I9t2:h0.366 e 2.4X1i 0-' 'Fea: 0.23FIG.i: 0.500 Elerg: 1.44X 10-' F
f

4 : 0.03
,' , 1 13,2 : 0 .1 3 0 'F s : .3 6 X 0 -4  'G 7 4  0 .0 3

I -. j1s~ : 0.004 'F , : 2.8X 10 ' 'G ,: 0.43.: ' : :i r : 0 .9 9 9 2 ' G , , ,: 0 .2 8
pAlso includes tratitions to the 

(H,4 levels.

. .. * .,
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ferent metastable states. Figure 2 shows that this excita- 0.1 ,o0

tion wavelength directly pumps the 2(F2)5/2 level. The
lines appearing in the fluorescence spectrum with a life- " o-2een
time of 3.02 As are associated with transitions from this o---- .- f
level to the various crystal-field-split components of the
4G 1/2, 4G 7 / 2 , 2

G 7 /2, 4F 9/ 2, and 4FS/2+ 2H9/2 multiplets
after which fast radiationless decay occurs to the 4F3/20.0100
level. This is followed by the well-known near-infrared 7.0

emission transitions having a lifetime of 220 As.
Thus from the time-resolved spectra after 266-nm exci- -A 3-

tation, the 2(F2)5/2 level is identified as a second meta-3t
stable state for Nd3+ emission in YAG crystals. The
branching ratios for the emission transitions from this
level to the different terminal multiplets are given by 0.001

Bi( ij '() 0.0 05 t(P) 1.0 1.5."

j id

FIG. 5. Time evolution of the ratios of the integrated fluores-
where i represents the different free-ion-term values and cence intensities of the emission from the 4F3/2 and 2(F2)5/2
j represents the different crystal-field components within metastable states after 266- and 532-nm excitations. See text for
each term. The branching ratios for this upper metastable explanation of the theoretical line.
state are found from the spectra shown in Fig. 3 and list-
ed in Table I.

The time evolution of the spectra shown in Fig. 3 can dn_3
be described by the simplified rate model shown in Fig. 4. - W3 -0 3f 3  (3)
n I and n 3 represent the concentration of ions in excited dt
states 4F 3/2 and 2(F2)5/2, respectively, 61 and 6 3 are the 4

fluorescence decay rates of these levels, and W3 is the The basic assumptions of this model arexti at the F3/2
pumping rate for the upper metastable state. The rate level is pumped only through relaxation from the (F2)5/2

equations describing the time evolution of the excited level and that the latter level has 100% quantum efficien-

state populations are cy and has no radiative transitions that bypass the former
level and terminate on levels of the ground-state term or
that result in unobserved infrared radiation. The solu-

d3-ln!, (2) tions of Eqs. (2) and (3) for 8-function excitation can be
n 1  related to the measured relative fluorescence intensity ra-

tios through

Ii(t)/ 3(t)=K[l 3/(l 3 -t)fexp[(0 3-ft)tI- 1I (4)

3 where k = /1 /f. Here, the f are the radiative decay
rates of the two metastable states and B, is the branching
ratio for the transitions from the lower metastable state to
the 419/,2 ground-state levels. Figure 5 shows the ratios of
the integrated fluorescence intensities of all of the
2(F 2)5/2 transitions and the visible transitions from the

,W3  3 4F3/2 level shown in Fig. 3. The solid line represents the
prediction of Eq. (4) with no adjustable parameters. The
excellent fit between theory and experiment indicates that
the assumptions underlying the simplified model used
here are justified for this case.

IV. RESULTS FOR 532-nm PUMPING

Figure 6 shows the fluorescence spectra at two times
after the laser excitation pulse for doubled Nd-YAG
pumping at 532 nm. The same lines appear in the spectra
as seen in Fig. 3, but their relative intensities are different
and change with pumping power. As an example of this,
Fig. 7 shows the change in the integrated fluorescence in-

FIG. 4. Model for explaining observed spectral dynamics tensity of the major emission line at 402 nm as a function
* after 266-nm excitation. See text for definition of parameters. of excitation-pulse energy. The observed quadratic d-pen-

-.- . . . . . . . . . . . . -.-
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r( 103cmr1 ) ate state undergo two-photon excitation, while the rest de-
*25 20 15 cay radiationlessly to the 4F312 metastable state from

8t15 LS which the standard emission transitions occur.
The excited-state dynamics for this case can be6. -55 described by a simplified rate model similar to that shown

8i)%)532n [in Fig. 4, but with an additional parameter W, to describe

.. the single-photon pumping rate of the 4F3/ 2 metastable
_ o_ -

_____---------_.- ___,__,_,__-__- state through fast radiationless relaxation from the 4G7/2
* t ns level and with the two-photon pumping rate of the

8- 2(F2)5/2 metastable state given by W3. The rate equa-
!6 - tions for this model are

415dn 1 " "

2,9 dn ---W,+ 3n 3 -,6,n,

400 500 600 700 800 900 dn3
VIM3 3 n . (6

FIG. 6. Fluorescence spectra of Nd-YAG at two times after dt =-W; -03n3 (6)

the excitation pulse at 532 nm. The basic assumption of this model is that the cascade
nonradiative decay processes from the 4G7 /2 state to the
4F3 /2 state are very fast and efficient. The ratios of the

dence indicates that this excitation wavelength results in fluorescence intensities can be obtained from the solutions
two-photon absorption terminating on the 2(F 2)5/2 meta- of Eqs. (5) and (6) as
stable state. The fluorescence from this level is the same it(t)
as that discussed in the preceding section following --[l(0)/1 3(0)]exp((fl3-#I)tJ
single-photon pumping. As seen in Fig. 2, the intermedi- NO(t)
ate state for this two-photon transition is the 'G7 /2 level,
which is directly pumped through one-photon absorption +K[ 3/( 3 - 1 )]exp[(163-)t]- I (7)
processes. Only part of the ions excited to this intermedi-

Figure 5 shows the ratios of the integrated fluorescence
intensities of the two metastable states at three times after

10.0 the excitation pulse for a specific level of laser power.
The solid line in the figure represents the best fit to the
data using Eq. (7) and treating the ratio of the initial in-
tensities as an adjustable parameter. The excellent fit be-
tween theory and experiment indicates the validity of the
proposed model and gives the value of I(0)/13(0) listed
in Table II.

3.0 0 The two-photon absorption cross section can be derived
from these results through the expression

0 13(0)/)3 ff~ n 3(0).

ffl~pnoL"'C 0 - 2 (2)d r%3flp03 noL
1 0

0
I(tI

where I. is the intensity of the laser pulse, o, and o'(2 are
the relevant one- and two-photon absorption cross sec-

0.3 tions, no represents the total concentration of Nd 3+ ions,
L is the sample thickness, and &i, is the average energy
of the photons emitted from the ith metastable state. Us-
ing the radiative decay rates determined from the infor-
mation listed in Table I, the measured value for the
fluorescence intensity ratio at an excitation power level of0.1 1.0 IP=1.38x 1028 photons/cm2 s - , and the value for the

0p(mJ/pulse) absorption cross section of the 'G7/2 level from Ref. 6

* FIG. 7. Integrated fluorescence intensity of the 402-nm spec- gives a value of

tral line as a function of laser power at 532-nm excitation. =3. 12 X cm s/photon ion) .
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TABLE 11. Summary of results.

Parameter Experimental Theoretical

-'T; (s-') 5.00X 101
W (s-1): 'P3/n 1.38 X 10' -

2F21/ 3.05 X 10

or' [cm' s/(photon ion)]: 2F25 4  3.21 10-" 1.64X 1056
5d' 1.27x 10-49  3.69X 10-16

11(0)113(0) (X.=532 nm)b 51.6

12(0)/13(0) (4=354.7 run)b 3.69

K' 1.058
'Nature of the final states is unknown and may be a high-energy 4f level.

b'These values are normalized for photon energies and I1(0) is corrected for the branching ratio of the
observed fraction of the transitions from this level.

V. RESULTS FOR 354.7-nm PUMPING The determination of the branching of these different
types of transitions is difficult because of the possible ex-

Figure 8 shows the fluorescence spectra at two times istence of transitions emitting in the infrared spectral re-
after the laser pulse for tripled Nd-YAG excitation at gion (shown as dashed lines in Fig. 2).
354.7 mu. These spectra contain the same lines as seen in The simplified transition rate model shown in Fig. 9
Figs. 3 and 6 as well as numerous additional lines. The can be used to describe the excited-state dynamics for this
new lines all exhibit a faster lifetime of about 0.32 pzs. type of pumping. In this case, three rate equations are
The relevant transitions for this pumping wavelength are
shown in Fig. 2. The 4D 3 / 2 level is directly excited by the
laser pulse. Some of the excited ions undergo rapid radia- dn I
tionless relaxation to the 2P 3/ 2 level, while the rest of the dt = 3n3+fl21n2- In' (9)

ions undergo two-photon excitation to the 5d levels. dn2
After the latter process, radiationless decay back to the = W 2 -6n 2 , (10)
2(F2)5/2 metastable state occurs followed by the emission dt
processes discussed in the preceding sections. After the
former process the 2P3/2 level acts as a new metastable
state resulting in the transitions shown in Fig. 2. One in- n 3
portant aspect of these new transitions is that only part of
them terminate on levels above the 4F3/ 2 level to give
fluorescence from this metastable state while the
remainder of the transitions go past this level and ter- f33
minate on various components of the ground state term.

6n
) _( 03cm-l)

25 20 15 %.
3 21

8 ? x'3547rrn t=t51L3."

,.,;,[ i . ,1 1 ""
2 n2

It* 20ns

" .' .W213g 1 '

0 50C 60c 7 0 800 900
m)FIG. 9. Model for explaining observed spectral dynamics

FIG. 8. Fluorescence spectra of Nd-YAG at two times after after 354.7-nm excitation. See text for definition of the parame-
the excitation pulse at 354.7 nm. ters.
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dn3  5d levels and W2 is the rate of pumping of the 2P3/ 2 level
-t= W 3" -3n ) by transitions from the 4D3/2 level. The solutions to these

Here W" represents the two-photon pumping rate of the equations can be related to two different sets of fluores-
2(F2)5/2 level through radiationless relaxation from the cence intensity ratios as

12(t)/I 3(t)=1 2(O)/ 3(0)]exp[(6 3-l 2)tI , (12)
I1(t)/12(t= [It(O)/12(O)]exp[(fl2--t1)t].. -

+ [13(0)/I2(0)] K$ 3/[( 6 3 -l1 )(B2, +B21 )]I exp[(6 2 -f3l )t] -exp[ (fl2 -8 3)t] I

+ [YBIK'/[( 2-lj)(B2g+B 21 )]j lexp[((f 2-l)t- 1 , (13)

where K'=B21 +B21 + W2/f2. Here, the branching ra- One aspect of the data which is not treated by the
tios B21 and B , refer to the visible and infrared transi- model discussed above is the observed rise time of approx-
tions, respectively, while W"' represents the radiationless imately 15 ns of the fluorescence from the 2(F2)5/2 level.
decay rate of the 2P3/2 metastable state. This does not affect the time-resolved spectroscopy model

Figure 10 shows the measured values of the relevant ra- because of the very different time regime involved. How-
tios of the two different sets of integrated fluorescence in- ever, this rise time is not observed for the other two
tensities at three times after the excitation pulse for a pumping wavelengths and thus it can be associated with
specific value of laser intensity. The lines in the figure the nonradiative decay processes from the 5d levels to the
represent the best fits to the data obtained from Eqs. (12) 4f levels. In a simple three-level. -system model the rise
and (13) treating the initial fluorescence intensity ratios time is given by7

and K' as adjustable parameters. The excellent fits to the
data indicate that the model proposed here is valid. The t. -3rdln(-rd/'3)/(7d-T3) , (14)

fitting parameters are given in Table II. where rd is the decay time of the 5d level. Using the
Equation (8) can again be used to determine a value for measured values for the fluorescence rise time and decay

the relevant two-photon absorption cross sections. In this time for the 2(F 2)5/2 level gives -" t 5 X 10's - '.
case 1, = 1.3 X 1027 photons/cm s and the value for the
absorption cross section of the 4D3/2 level is found from
Ref. 6. Using the measured initial ratio of the fluores- VI. DISCUSSION AND CONCLUSIONScence intensities gives '2 ----.27X10-49 cm s/(photon -'-
ion). The use of high-power, picosecond-pulse excitation

from the various harmonics of a Nd-YAG laser has pro-
vided new information concerning the spectral dynamics

1o of Nd34 ions in YAG crystals as presented in the preced-
~ 12/13 ing sections. The important results of this work can be

.... 1/12 divided into three categories: characteristics of new spec-
tral transitions, measurements of radiationless decay pro-

7 cesses, and measurements of two-photon absorption cross -
1() // sections. Each of these is discussed below.. i ,

A. New spectral transitions

The high-power, picosecond-pulse excitation at severali
. "wavelengths coupled with the time-resolved spectroscopy

- 1. / 2,,measurement technique employed here, shows that1. 3,..

fluorescence emission lines from Nd3+ ions in YAG crys-
tals occur throughout the visible and near-uv region of the

/ spectrum as well as in the near-infrared region as usually
reported. These lines can be associated with the transi-
tions from three metastable states as shown in Fig. 2, the

0.1 properties of which are summarized in Tables I and 11.
. ... 1., Spectral lines similar to those reported here have been

oo0.5 1.0 . observed previously through our excitation mecha-
t(ps) nisms. 2  X-ray excitation3 creates free electrons which

FIG. 10. Time evolution of the ratios of the fluorescence in- become bound excitons at lattice-defect sites and can
tensities of the emission from the three metastable states popu- transfer their energy to the Nd3 + ions. The spectral lines
lated by 354.7-nm excitation. See text for explanation of the obtained in this way have been interpreted in terms of
theoretical lines, transitions from the 2(F2)5/2 level to almost all of the
:. .,.. .......... '... °.. .-... -- ...-.......- ...... ,......:.... .......... , .,.... .... "..- ..
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lower-lying levels, including those of the ground-state Zverev et al.10 have investigated radiationless relaxation
term. The transition assignments of the lines given here is processes of trivalent rare-earth ions in YAG (including
somewhat different than that proposed previously. One the 4 G7 2 G7/2 transition of Nd3+ ) and found the results
major difference occurs in the uv region of the spectrum to obey the exponential energy-gap law with the parame-

-- where no transitions were observed with Nd-YAG-laser ters C =9.7X 107 s - 1 and a=3.1X 10 - 3 cm. Temper-

excitation, but where several transitions were observed ature-dependent measurements were fitted with an effec-
with x-ray excitation and interpreted as fluorescence ori- tive phonon energy of 700 cm- , which is somewhat less
ginating on the 2(F 2)5/2 level and terminating on the vari- than the maximum phonon energy in YAG crystals of
ous multiplets of the 4jI term. It is not clear at the 860 cm This is consistent with other phonon effects
present time why this difference occurs. on the optical spectra' and may be due to the fact that the

Similar spectral lines were also observed using highest-energy phonons are vibrations of Ai0 4 groups
nitrogen-laser-pumped dye-laser excitation in the spectral which are less strongly coupled to the rare-earth ions than
region around 590 rnm.2 The results were interpreted in lower-energy lattice phonons."" 2 Using these values for
terms of three-photon excitation of the 5d level followed C, a, and lfro in Eqs. (15) and (16) along with the ap-
by nonradiative relaxation to the 4f levels and fluores- propriate energy gaps, the room-temperature radiationless
cence emission from the 2(F2)5/2 metastable state. The decay rates for the 2(F2)5/2 and 

2P3/2 metastable states . -

fluorescence lifetime of these transitions was found to be can be calculated. In the former case, AE 3 = 3400 cm-
about 3 /s, where is in agreement with the result reported and WP(300 K)=3.05x 103 s - , while in the latter case,
here. Only extremely weak emission lines were observed AE 2 =2150 cm - ' and WP(300 K)=1.38X 105 s-1.
in the 300-nm region of the spectrum which is consistent The calculated value of the nonradiative decay rate can
with the results reported here and again shows an interest- be combined with the measured fluorescence decay rate to
ing difference between multiphoton laser excitation and find the radiative decay rate of a metastable state through
x-ray excitation. -7 =f+ WP. The quantum efficiency of the level is

One important result of this work is to clarify the pos- then given by 77 =0'/3f. Applying this analysis to the
sibility of pumping Nd-YAG lasers in the near-uv spec- two upper metastable states of Nd3+ ions in YAG gives
tral region. Pumping at energies of 37500 cm- 1 or the results listed as theoretical predictions in Table I. For
greater leads to very efficient excitation of the 4F31 2 lasing the 2(F 2)5/2 level the result agrees quite closely with that
metastable state through fluorescence from the 2(F2)5/2 obtained from fitting the time-resolved spectroscopy re-
metastable state. Pumping in the region between 26 000 suits using the simple rate-equation model discussed in
and 37500 cm- 1 results in emission from the 2P3/2  the preceding sections. The value found here of rt3= --
metastable state. The determination of the branching ra- for this level is significantly greater than the value of 0.21
tios and quantum efficiency for this level are discussed in estimated in Ref. 2 using a Judd-Olfelt calculation and ab-
the next section and the results are listed in Table I. sorption spectral data. Since the fluorescence transitions
These results indicate that pumping in this intermediate from this metastable state are not the same as the absorp-
metastable state still leads to efficiently populating the tion transitions to the level, it is not surprising that this
lasing metastable state. Further work needs to be done to type of analysis does not give an accurate result. The
correlate these results with those on x-ray and electron ex- value obtained for the nonradiative decay rate of the 'P3 2
citation of rare-earth ions in YAG.3 8  level can be combined with the measured fluorescence de-

cay rates and the value of K' found from fitting Eq. (13)
to experimental data to give the branching ratios for this

B. Radiationless decay processes metastable state as listed in Table I.
A s m Nonradiative decay rates for 5d-4f transitions ofA simple model has been developed to describe multi- trivalent rare-earth ions in YAG crystals have been mea-

phonon decay processes in weakly coupled systems and srevain casesere s fluorsc ca be ed

this has been found to give a good fit to experimental data sured in cases where 5d fluorescence can be observed.fr""_ini
obtanedon rivaentrar-eath ins n slidsQ Fr dcay Since no 5d fluorescence can be observed for Nd 31 ions, it

obtained on trivalent rare-earth ions in solids.9 For decay has been concluded that the nonradiative decay rates must
across an energy gap AE by the emission of p phonons of be very much faster than 107 S- , which is consistent with
energy hAw p =AlE/hw), the nonradiative decay rate iswgiengy pthe value measured in this study. It should be noted that
given by if the simple model of Eqs. (15) and (16) is employed with

WP(T)= W(O)Iexp(fi/kT)/[exp(A/kT)-I], (15) the values of C and a given above and 5d-4f energy gap
of about 1800 cm - 1 from Ref. 2, a significantly smaller

where nonradiative decay rate is predicted than the observed

W(0)=Cexp( -aAE). (16) value. This is not surprising since the values of C and a
are expected to be constant only for similar f-f transi-

Here, C and a are parameters involving the electron- tions. The matrix elements for the d-f transitions will be
phonon-interaction strength and the transition matrix significantly greater and should lead to predicted values
elements. For many cases they have been found to be closer to the observed rate. Performing similar measure-
constants for f-f transitions of different trivalent rare- ments on other YAG samples with different rare-earth
earth ions in a specific host and the spontaneous phonon- ions is necessary to determine values of C and a for 5d-4f
emission rate W(0) shows a simple exponential depen- transitions and checking the validity of the simple nonra-
dence on the energy gaps of the various transitions. diative decay model for these types of transitions.
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C. Two-photon absorption cross sections tion. The density of final states is given by

The theory of two-photon absorption applied specifical- pf(E)=(ftif/r)/[(iry)if_)'+ (Aw t- 2hwp)] , (18)
ly to trivalent rare-earth ions in solids was developed by where yif is the half-width of the final state. The major
Apanasevich et al.3 The general expression for the two- problem in the application of two-photon absorption
photon absorption cross section is theories is deciding how to treat the sum over intermedi-

a 2) 2
1 (E)Ato, )2 (17) ate states in the matrix element for the transition.f iApanasevich et al.13 chose the 5d levels as the intermedi-

where wp is the photon frequency, pf(E) is the density of ate states and derived an expression for the matrix ele-
final states, and Af/ 2' is the matrix element for the transi- ment of the transition given by

A 2 12 - (h/r2n)[(n +2)/3]2 [e2 /(mc 2 )]2 [(me 4 )4/(8r3c2h4)](O.069)2/
X×(cfJf I IU(')l laiJi )2(2J +lD-'Y (4f Ir 15dk) /(hAoA -h )i*Yik] (19) t

where Vik is the half-width of the intermediate state and could be achieved with the primary laser output at higher
(afJfiI U,2 c1 aJ i ) is the reduced matrix element of the powers than used with the various harmonics shows the
tensor operator U'2 ) between the initial and final levels of importance of the enhancement achieved with a real inter-
the 4f configuration. The latter have been tabulated for mediate state. The multiphoton excitation spectra in Ref.
the transitions of interest here. 14 The development of Ref. 2 also exhibited enhancements at real intermediate state
13 neglects one-photon resonances and evaluates the sum resonances. The theory of Ref. 12 used here does not ac-
over intermediate states in Eq. (17) by using an integral count for the effects of single-photon resonances with in-

over hydrogenlike wave functions. Using their approach termediate 4f levels. However, models for evaluating the
along with observed spectral information to estimate the matrix elements using two sequential 4f-4f transitions or
density of final states, the two-photon absorption cross a 41-4f transition followed by a 4f-5d transition predict
section for 532-nm pumping of the (F2)5/, level is theoretical values for the cross sections many orders of
evaluated from Eq. (17) to be 1.64x 10- 56 cm 4 s/ magnitude smaller than the experimentally observed
(photon ion). Considering the rough approximations in- values. It appears that the difference in magnitude of the
volved in obtaining this theoretical estimate, the predicted two types of two-photon cross sections measured here is -

value for the two-photon absorption cross section is very associated with the factors of photon energy and density
close to that derived from time-resolved spectroscopy of final states in Eq. (17), not with differences in the tran-
data. sition matrix elements. It is important to note that the

Obtaining a theoretical estimate for the two-photon ab- values of or2) reported here are much smaller than those
sorption cross section for 354.7-nm pumping is more dif- that can generally be measured by transmission experi-
ficult since the nature of the final state of the transition is ments t -
unknown. If it is assumed to be 5d level and the sum over
intermediate states includes both 4f and 5d levels, the D. Conclusions
predicted value for or'? is found to be over 10 orders of
magnitude smaller than the observed value. However, it In summary, the use of high-power, picosecond laser

is known that additional 4f levels exist in the high-energy excitation of Nd 31 ions in YAG crystals has provided
region of the 5d bands, 2 and if one of these is assumed to new information about the excited-state dynamics of this

be the final state of the two-photon transition, the calcula- system. These results have practical applications with re-

tion can proceed as described above giving the result gard to pumping Nd-YAG lasers as well as fundamental
1= 1.11 X 10 -6 cm 4 s/(photon ion). This is much interest in the areas of multiphoton absorption and radia-

closer to the chserved value, but still significantly dif- tionless relaxation processes. The time-resolved spectros-

ferent indicating the inadequacy of the current theoretical copy technique provides a very sensitive way to character-

model to treat this specific case. ize the properties of different metastable states of a sys-

Both of the two-photon absorption cross sections mea- tem and to quantitatively determine two-photon absorp-

sured in this work involve real, resonant intermediate tion cross sectionz and 5d-4f radiationless decay rates.

states. An unsuccessful attempt was also made to excite
fluorescence of Nd 3, ions in YAG crystals from the fun- ACKNOWLEDGMENTS
damental emission of the Nd-YAG laser at 1060 nm. In
this case there is no real, resonant intermediate state for a This work was sponsored by the U.S. Army Research
two-photon transition. Such exci:tion has been used for Office and by the National S,:ience Foundation under
Nd 3+ ions in other crystals." - The fact that no excitation Grant No. DMR-82-16551.
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V. DETERMINATION OF CHARGE RELOCATION DYNAMICS IN

PHOTOREFRACTIVE CRYSTALS

The manuscript in this section describes the results of

characterizing the Photore4ractive effect (PRE) in LINbO3

crystals using holographic grating techniques. The optical

results obtained in our laboratory on the PRE properties of

crystals with different types of thermal, radiation, and crystal

growth histories were correlated closely with the defect

Properties of the same samples determined by electron Para-

magnetic resonance. The most important result is the development

4 of a model to describe the charge relocation dynamics involved in

the PRE. This work demonstrates the Presence of two types of

charge carriers and the importance of trap modulated mobility in

determining the PRE characteristics of this type of material.
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ANALYSIS OF THE DECAY DYNAMICS OF LASER-INDUCED GRATINS

IN LiNbO3

Jacek K. Tyminski and Richard C. Powell

Department of Physics, Oklahoma State University

.I

Stillwater, OK 74078

Laser-induced refractive index gratings were created and

Probed In "nominally Pure" LiNbO3 crystals. The time dependence

of the Probe beam scattered from the grating during erasure was

measured as a function of the crossing angle of the write beams

for samples with different thermal annealing histories and as a

function of sample temperature. Biexponential grating decay

curves were observed and the characteristic decay times are

interpreted in terms of two types of charge carrier dynamics

contributing to the Photorefractive effect. Using a simple

charge relocation model, the charge carrier densities, relocation

rates and relative trap concentrations contributing to the two

grating decay components were obtained from the data and their

changes with sample temperature and annealing treatment were

determined. Measurements of energy transfer through two-wave

mixing on both oxidized and reduced samples were used to confirm

the two charge carrier model.
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1 . INTRODUCTION

The creation of laser-induced refractive index changes

(photorefractive effect, PRE) in LiNbO3 crystals has been an

important topic for research for many Years. 1 4  The macro-

scopic, laser-induced non-uniformities of the refractive index

act as *optical damagew centers if the material is used for

applications such as beam modulation and wave guiding.5 9& How-

ever, they also form the basis for using the material in optical

information processing applications such as optical storage or

Phase conjugation. Thus it is important to understand the funda-

mental Processes Producing the PRE properties so materials can be

tailor made to either maximize or minimize the effect depending

on the desired application. Despite the significant amount of

research done in characterizing the PRE in LiNb03, the basic

solid state defect physics and charge migrational properties

underlying this effect are still not well understood.

The source of the material's photorefractive response is the

macroscopic relocation of charge along the crYstalograPhic c-

direction. There are two fundamental problems of interest in

characterizing the photorefractive properties of LiNbO3 . The

first is identifying the defects acting as charge donors,

accePtors, and t,'aps contributing to the photocurrents in the

material. 7 - 14  The second is characterizing the dynamics of the

charge transport in the photorefractive medium.4 915 - 18  LiNbO 3

exhibits a large bulk photovoltaic effect1 9 '2 0 which complicates

the dynamics of charge migration processes leading to the PRE in

the material. 4  In the volume of the material exposed to the

laser beam, the photocurrent is influenced by diffusion, 19 '2 1 2 -
2

2



r the photovoltaic e.fec and a static electric

field. 19 2 1- 2 3 This static field, developed as a result of the ..-

charge migration along the c-axis, produces changes in the extra-

ordinary refractive Index2 depending on the material's electro-

optic tensor. 6  ..

Two methods have been developed to probe refractive index

changes in photorefractive materials. The first measures the

changes in the birefringence of the crystal using a polarization

compensator technique.2 0 92 4 The second method is a holographic

technique which uses the interference between two laser beams to

produce periodic refractive index variations in the

material. 4' 2 0' 2 4  In this technique, the sinusoidal interference

pattern of the light Produces changes in the index of refraction

which act like a hologram in the shape of a grating. The

properties of the refractive index changes can be investigated bY

monitoring the scattering of a probe beam off of this grating.

Previous investigations have dealt mostlY with determining

the macroscopic characteristics of the PRE in a material without

attempting to relate the observed results to microscopic Proper-
0

ties of defects and charge dynamics. The studies that have been

done on the microscopic Processes underlying the PRE have

. involved purposely doped materials. The intentional substitution

of chemical impurities into the sample may alter the distribution

of structural defects in the lattice significantly and indroduce

other perturbations in the material. Therefore the results on

microscopic charge relocation processes in doped samples may not

pertain to undoPed samples. Thus there is still much to be -..
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learned about the charge dynamics underlying the PRE in undoped

LiNbO3 . Because of this, the work reported in this paper focuses

on the task of relating the dynamics of the photorefractive -4

response to the charge transport Properties of "nominally pure"

LiNbO3 . The success of this work in obtaining new information on

this material is based on the recent development of a new theore-

tical model for analyzing grating decay dat,2 and on the results

of recent electron paramagnetic resonance (EPR) experiments

characterizing the different types of defects in "nominally pure"

sampl es. 2 6

BY subjecting a sample of "nominally Pure" LINbO3  to a

series of thermal annealing treatments, the concentration of

defects in the crystal was altered. After each anneal, laser-

induced gratings were formed and the decay patterns of the

gratings erasure were measured. The most important aspect of

this work is the demonstration of a method for analyzing the time

response of the scattered probe beam during erasure in holo-

graphic grating experiments to obtain independent information

about charge carrier types and concentrations, trap concen-

trations, and charge relocation dynamics in the PRE. The results

of these measurements are related to information about the

relative concentration of impurities in the sample determined by

electron Paramagnetic resonance (EPR) measurements.26  The erase

patterns exhibit two decay components. Our analysis of these

curves show for the first time that charge carriers having two

0 different types of relocation dynamics and different concentra-

tions contribute to the PRE in this type of material. The

annealing treatments cause different changes in the contributions

I4
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of the two different types of charge dynamics which can be

related through EPR results to changes in the concentrations of

different types of defects. The measurement of energy transfer

in a two-wave mixing experiment is used to corroborate these

results. Finally, measurements of grating decay patterns as a

function of sample temperature show for the first time the imPor-

tance of shallow traps in the charge relocation dynamics of this

material. The combination of different experimental approaches

used here has allowed the development of a model relating the

microscopic charge relocation dynamics to the macroscopic PRE

properties in "nominally pure" LiNbO3 . This has not previously

been possible because the experimental results in the literature

have been obtained by different techniques on different samples

in different laboratories making consistent interpretation of the.

data impossible.

II. EXPERIMENTAL

The sample used in these experiments was a good optical

quality single crystal of "nominally pure" lithium niobate

obtained from Union Carbide. The absolute concentration of the

transition metal ion impurities in the sample was between 25 and

50 ppm. The individual concentrations of specific types of

defects in the material are difficult to determine at this low

level and have been obtained only for a limited number of types

of imperfections.2 6 Their relative concentration was varied by
Ie

subjecting the sample to a series of thermal annealing treat-

ments. 2 6  To reduce the sample at a given temperatures it was

annealed in a vacuum of approximately 2x10 -6 torr for one hour.

5



described below. The sample was Placed in a furnace so that the2

signal could be monitored at elevated temperatures. In addition,

the transfer of energy between the two beams writing the hologram

was measured to determine the amount of phase shift between the

light Pattern and the induced hologram.

III. THEORY OF HOLOGRAPHIC GRATING DECAY

Kogelnik 2 7  derived an expression for describing the first

order Bragg diffraction from a thick hologram refractive index

grating. In the case of shallow gratingst his result simplifies

to

I.-JAn 2 (1)

where I is the intensity of the scattered signal beam and the

"grating depth" [AnI is the difference in the refractive index

n between the Peak and valley regions of the grating.

Equation (1) is useful in relating the results obtained in

the holographic grating experiments to the changes in n produced

by the PRE in the material. The next step in interpreting the

results is based on models relating the depth of the index of

refraction grating with the parameters describing the electro-

dynamic Properties of the material. The bulk of the theoretical

efforts to establish such models have focused on the steady state

Properties of the photorefractive gratings,4 915 - 2392 8 3 0  Recently

Valley3 1  presented a model discussing the transient behavior of

the Photorefractive response under short Pulse excitation and

erasure conditions. However, his description does not address

the question of charge relocation over distances comparable to

the grating spacing which is the condition required to completely

7



erase the grating. Given this we can not use his approach to

analyze our data.

Feinberg, et &l. 2 5 developed an expression for describing

the depth of the static field grating based on a model of the

charge dynamics In a photorefractive medium. Their result and

Eq. (1) can be used together in interpreting the data from holo-

graphic grating experiments to obtain information concerning the

dynamics of photocarrier redistribution. The model of Feinberg,

et al. 2 5 involves the following assumptionst (1) the grating is

sinusoidall (2) the charge migration involves only nearest

neighbor relocation; (3) the migration of the charge can be

described by a single parameter, i.e. the trap-to-traP relocation

rate; and (4) the grating wavelength is greater than the relo-

cation distance. These assumptions set the limits of apPlIc-

ability of the Feinberg model. Also, the generation and the

erasure of Photorefractive gratings consist of charge detrap-

ping, migration, and retrapping processes. Therefore, two

different factors are Important in characterizing the photo-

refractive effecti the rates of excitation and do-excitation of

the charge to and from its mobile state, and the dynamics of

charge migration between trapping sites. Modeling the detraPPing

-migration-retrapping sequence by a single parameter related to

the average relocation rate gives only a rough description of the

complex microscopic processes taking place. Despite these limi-

tations, the Feinberg model provides the best available method

for relating measurements of the photorefractive response of the

medium to the microscopic charge relocation dynamics.

The Feinberg model predicts an exponential decay of the

S



scattered signal intensity during the erasing of the grating, 2 5

I mloexP (Kt). (2)

The decay rate has the form

KmK +Kesin2 (6/2) (3)

where 9 is the crossing angle of the two write beams used to

generate the grating. The first term in Eq. (3) has the form

Ko-2Rd2 Nq 2/(CeOkBT) where C is the material's dielectric con-

stant, eo is the dielectric constant of a vacuum, kB  is

Boltzmann's constant, T is temperature, N is the average concen-

tration of the photocarriers contributing to the photorefractive

response of the material, q is their charge and R-I D is the rate

of charge relocation over a distance d where D is the diffusion

coefficient. This term describes the contribution to the erasure

rate of the photorefractive grating due to the rates of trapping

and detraPPing the charges. It is the dominant contribution in

the limit in which charge migration distances are negligible

compared to the grating wavelength. The Parameter Ke in the

second term in Eq. (3) has the form Kg-2Rd2 (4w/A)2o This des-

cribes the charge relocation rate over the distance A/2w where

the grating wavelength is given bY A-X/C2sin(e/2)3.

After measuring K as a function of sin 2 (Q/2), the slope and

intercept of the experimental data can be used to obtain indepen-

dent values of K. and Ke for specific sample conditions. The

ratio of these two parameters is given bY

Ko/KeNq2A2 /C 16W 2 C ek B T3 (4)

and the slope dK/dCsin 2 (9/2)] has the form

dK/d rein2 (0/2) ]m32T2Rd 2 /A 2 . (5)

9
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Within the limits of the model, Eq. (4) gives an estimate of the

concentration of the Photocarriers contributing to the photo-

refractive effect N and Eq. (5) can be used to obtain an estimate

for the Product Rd2 which Is related to the rate of the charge

relocation.

IV. RESULTS AND DISCUSSION

The time dependence of the signal beam intensity during

erasing of photorefractive holograms was monitored for different

crossing angles of the write beams after a series of reducing

thermal annealing treatments. Figure 2 shows examples of the

typical non-exPonential signal decay curves obtained for crossing

angles of 3.50 and 100 for an oxidized sample at room tempera-

ture. The data were analyzed by approximating the decay profiles

as double exponential shapes. Examples of the angular depend-

ences of the fast and slow components of the decay rates for

different sample conditions are shown in Fig. 3. The data demon-

strate the significant changes in the angular dependences of the

grating decay rates caused by different thermal annealing

conditions.

The two components of the decay curves can be interpreted as

originating from the Presence of two different gratings having

different types of charge dynamics. The different decay rates

are related to differences in the detrapping, migration, and

retrapping rates of the Photocarriers creating the gratings. The

data can be analyzed using Eq. (2). The slopes of the Plots of

the decay rates versus the crossing angle of the write beams are

different for the fast and slow components of the decay curves

10



indicating different relocation rates for the two charge-trap

systems producing the two types of gratings. In addition, the

intercepts of these plots are different indicating different

concentrations for the two types of charge carriers.

For the results obtained on the fast component of the decay

of the grating in the oxidized sample, departure from the predic-

ted linear behavior of the data is seen in Fig. 3. This occurs

when the relocation distance approaches the grating wavelength,

2%dlA-:1. (6)

This departure occurs at 8=140, which places a lower limit of

approximately 2x10 12 cm - 3 on the density of traps a' g the

fast component of the grating decay. This is consiucent with the

fact that scattering efficiency measurements indicate ,iis trap

concentration to be of the order of 1016 cm - 3 .

Similar departures from the linear dependence of K on

sin 2 (e/2) were not observed for the vacuum annealed samples

within the range of variation of e measured. The data obtained

on the angular dependences of K were analyzed to obtain values of

K0 and Ke +or each annealing condition. Using Eqs. (4) and (5),0I

estimates were obtained for the concentrations of the photo-

carriers involved in the fast and the slow decay components of

the grating and for the Product Rd 2 which can be interpreted as

the charge relocation parameter. The results of this analysis

are shown in Fig. 4. It is important to note that the magnitudes

of the charge carriers and the charge relocation Parameters are

dependent on the properties of the erase beam which in this case

means a flux of 0.2 W/cm 2 at 442 nm.

Figure 4 shows that the concentrations of the photocarriers



contributing to the fast and slow components of the grating decay

both decrease as annealing temperature is increased with the

latter showing a much greater change. However, N-PdW where Pd is

the donor trap density and W is the absorption coefficient.

Annealing in a vacuum changes the defect composition of the

sample which affects both of these factors. The observed

decrease in the values of N is probably due Primarily to the

simultaneous increase in the absorption which occurs throughout

the visible spectral region with annealing. 4 13 2 This new type of

absorption does not create charge carriers which contribute to

the PRE and thus, after vacuum annealing at high temperatures

fewer photons in the laser beams excite the photocarriers contri-

buting to the PRE. Because of this, it is impossible to directly

relate the measured concentration of the charge carriers contri-

buting to the PRE to the concentration of the donors present in

the sample.

The charge relocation parameter Rd2 was measured to be

constant with annealing temperature for the fast grating decay

component and to increase for the slow component as shown in Fig.

4 (B). Since R is dependent on the light intensity and the

effective value for Zo decreases with annealing temperature as

discussed above, the results shown in Fig. 4 (B) indicate that S

the relocation distance d is increasing with higher annealing

t@mPeratures for both the fast and slow components.

Estimates of the relative trap densities were obtained by

analyzing the shapes of the biexponential signal decay curves for

write beam crossing angles of about 100. This gives 1fo/so, the

12
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400 C.

Fig. 7. Proposed model for the PRE charge relocation dynamics

in "nominally pure" LiNbO3 .
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FIGURE CAPTIONS

Fig. 1. Experimental setup for holographic grating measurements

of the photorefractive effect.

Fig. 2. Decay patterns for the scattered probe beam during

grating erasure for the oxidized sample at room temperature. - -

The erase beam flux is 0.2W/cm2 .

Fig. 3. Angular dependences of the erase rate of the grating

obtained at room temperature. 0 -oxidized sample, fast -

component; 0 -oxidized sample, slow component; A -sample
annealed in a vacuum at 250 C, fast component; A -sample
annealed at 250 C, slow component; 0 -sample annealed at 400

C, fast component (no slow component observed).

Fig. 4. Variation of photocarrier concentration (A) and

relocation constant (B) with vacuum annealing temperature.

Data taken at room temperature with Q and Q found from the

fast components of the grating decay curves and and

4 found from the slow components.

Fig. 5. Ratio of the concentrations of traps contributing to

the fast and slow grating decay components as a function of

annealing temperature.

Fig. 6. Temperature dependences of the grating decay rates.

and * represent data obtained from the slow decay

component of the oxidized sample with *-100 and 3.50,

respectively. Q and 0D represent data obtained from the fast

decay component of the oxidized sample with +=100 and 3.50,

respectively. 2 represents data obtained from the fast decay

component at a-3.50 after annealing the sample in a vacuum at
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TABLE 1. PRE Parameters for LINbO3

Parameter sample
Oxidized Annealed

(fast) (slow) (400 C)

K -- --- O----------------- ------ ----- ---------
00.012 0.008 0.004

K.(sec 1 ) 0.53 0.26 0.57

N(10 1 4 CM- 3 ) 1.4 1.9 0.4

Rd2 (1O-15 cm2 see-1) 3.Z 1.6 3.5

AE(cm-1) 850- 90 950
2500

*P-F/Ps 1.0 9.9

AIR/IR(%) 9.0 12.5

20



In summary, the work reported here demonstrates the use of

grating decay pattern measurements for determining the charge

dynamics of the PRE. The technique described here allows the

separate determination of charge carrier concentrations, reloca-

tion rates, and donor and acceptor trap concentrations. The

contributions from different types of charge carriers can be

measured and the effects of shallow traps determined. Applying

this technique to both oxidized and annealed samples provided

some new information concerning the charge relocation dynamics

and traps contributing to the PRE in "nominally pureO LiNbO3

crystals. The model based on the data involves trap modulated

mobility of two types of charge carriers interacting with donor

and acceptor impurities. Specific properties of trap concentra-

tion and occupancy were shown to be altered by thermal annealing

treatments. Future measurements of this type will be made on

doped LiNbO3 and other Photorefractive materials.
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in relocation Parameters indicates that the diffusion coefficient

for electrons is larger than that for holes. The result of this

is that the deviation of K from a linear dependence on sin 2 (O/2)

appears at smaller angles for the electron contribution to the

PRE than for the hole contribution. The magnitudes of the charge

carrier densities contributing to the PRE found in this work are

consistent with estimates made previously.2

The weak temperature dependence of K for the slow decay

component of the oxidized sample indicates that shallow traps

about 90 cm - 1 above the valance band modulate the hole conduc-

tivity. The strong temperature dependence of the fast decay

component shows that shallow traps near the conduction band with

activation energies distributed between 850 and 2500 cm - 1

modulate the electron conductivity.

The reducing annealing treatment causes the contribution to

the grating of Fe2  ions to be an order of magnitude greater than

that of the Fe3 + ions and the change in relative intensities of

the fast and slow grating decay components as well as the change

in energy transfer in the two-wave mixing experiment show that

the contribution of electrons to the grating erasure conductivity

becomes much greater than that of holes. The charge relocation

parameter increases which is associated with the increase in d

resulting from the decrease in Fe 3 + concentration. 71

The temperature dependences of K for different sample condi-

tions show that the shallow trap states affect the grating decay
4q

dynamics through controlling the concentration of mobile charge

carriers. The relocation parameters have no sample temperature

dependence in the range investigated.
is
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context of the model described above are associated with the 2
establishment of sinusoidal spatial distributions of Fe2 + or Fe3 +

defect concentrations and erasing the grating returns these

uniform distributions to their normal random state. The nonexpo-

nential decay patterns observed for grating erasure can be caused

bY several different effects such as trap modulated mobility,

statistical distribution of the charge relocation distances, trap

saturation, and different types of charge carriers with different

dynamics leading to their relocation. The first two effects may

be Present but can not explain the observed changes in decay

dynamics as a function of write beam crossing angle, annealing

temperature, and sample temperature. In addition, the observed

difference in the energy transfer in the two-beam mixing

experiment for the oxidized and reduced sample indicates the

Presence of both positive and negative charge carriers in the

conduction process. The charge carriers associated with the fast

grating decay component are electrons and those associated with

the slow decay component are holes.

In the oxidized sample the relative intensities of the two

decay components indicate that the grating consists of approxi-
mately equal concentrations of Fe 3 + and Fe2  ions, and the satur-

ation observed in the crossing angle dependence of K gives an

estimate of the concentration to be of the order of 1019 cm- 3 .

The angular dependence of K also shows the concentration of holes

contributing to the grating erasure is slightly larger than the

contribution of electrons in the oxidized sample while the relo-

cation Parameters differ by about a factor of 2. This difference

17



* unambiguously identified but could be due to various- Ionization

states of the known defects or to Nb The concentrations of

these defects are of the order of tens of parts per million and

they vary differently with annealing temperatures.

Table 1 summarizes the values of the parameters measured In

* this Investigation. The results are consistent with a model such

as that shown In Fig. 7. In general there can be four types of

defect centers contributing to the observed PRE properties. The

first type of center is a donor which can absorb a laser Photon

to Produce a mobile electron in the conduction band. This Is a

deep trap, which can not be mptied through thermal activation in

the temprature range investigated here. The second type of

defect center is an acceptor which can absorb a laser Photon to

Produce a mobile hole in the valance band. This Is also a deep

trap. Acceptors act as trapping canters for the migrating

electrons while the donors act as traps for the migrating holes.

In addition there can be two types of shallow traps, one near the

conduction band and one near the valance band. These contribute

thermally activated electrons and holes, respectively, to the

conduction process with the occupancy of these shallow traps

being in thermal equilibrium with the density of free charge

carriers in the bands. This results in traP-modulated mobilitY

of the migration of Photo-excited carriers. The specific nature

of the different types of defects can not be identified from the

results obtained here. We discuss our results in terms of the

propoed model using F& 2  and e 3  as examples of Possible donor

and acceptor impurities In the material.

The refractive index gratings created in this study in the

61
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beam increased in intensity bY approximately the same amount.

The Percentage of intensity change AIR/IR was about +9.0% for

the oxidized sample and +12.5% for the annealed sample. The

Presence of this energy transfer between beams shows that there

is a component of the refractive index grating which is Phase

shifted with respect to the light beam interference pattern. The

direction of the phase shift and thus the direction of the energy

transfer between beams Is the result of the interplay between the

concentration, sign, and mobility of the charge carriers and the

photovoltaic effect. The presence of carriers with different

* signs decreases the amount of transfer as shown by Orlowski and

Kratzig.3 4  The results of the experiments Performed here are

consistent with their data. They indicate that negative charge

carriers dominate the conductivity process with a greater contri-

-bution from Positive charge carriers being Present in the

oxidized sample than in the annealed sample.

V. SUMMARY AND CONCLUSIONS

The photorefractive Properties of LiNbO3 are known to vary

significantly depending on the wavelength and power of the laser

excitation source and on the chemical and structural defect

- composition of the sample. The results described in this study

are associated with low Power 442 nm excitation of "nominally0
pure" samples. Electron paramagnetic resonance (EPR) measure-

ments on these samples was used to determine the concentrations

of both chemical and structural defects after the various

annealing treatments.26 This work revealed the Presence of Fe

imPurities, oxygen vacancies, and other bands which are not

15
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K-K'expC-AE/CkBT)3. (8)

4 The values of the activat'-n energies found from fitting Eq. (e)

to the data in Fig. d are listed in Table 1. They are approx-

imately the same for both conditions. At higher temperatures the

curves for the fast component of the oxidized sample deviate from

a simple exponential shape indicating the presence of higher

activation energies. Fitting Eq. (8) to this high temperature

region gives the larger value of AE listed in the table.

The fact that the values of K for two different crossing

angles change in the same way with temperature indicates that Rd
2

remains constant while Nf changes. Thus the temperature depen-

dence of K can be attributed to a change in the detrapping rate

of the charges, and the measured activation energy can be asso-

ciated with the energy depths of the traps contributing to the

PRE. Since the activation energies determined by the temperature

dependent measurements are much smaller than the energy of the

laser photons, the origin of the charge carriers from the two

excitation Processes must be different.

The final experiment performed in this investigation was the

measurement of energy transfer between write beams. This

technique, called two-wave mixing, can be used to probe the phase

shift between light interference pattern and the index of refrac-

tion grating.4 '2 5 93 3 93 4 The measurement was made at a crossing -*

angle of 100 on the sample in the oxidized condition and after

vacuum annealing at 400 C. The He-Cd write beams entered the

sample with equal intensities and exited the sample with the beam

toward the poled C direction decreased in intensity and the other

14
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ratio of the maximum intensities of the light scattered from the

two types of trapping centers contributing to the grating. This

is assumed to be proportional to the square of the ratio of the

densities of charges trapped in the two types of trapping

centers. Under steady state conditions, the ratio of concentra-

tions of charges trapped in the fast decaying and slow decaying

trapping centers is proportional to the ratio of the concentra-

tions of the two types of trapping centers, Pf/Ps. Thus, Eq. (1)

gives

Pf/PsC f0 /Isol/
2 . (7)

Figure 5 shows the ratio of the concentrations of the two types

of traps as a function of thermal annealing temperature. The

concentration of the trapping centers contributing to the fast

signal decay component increases by an order of magnitude

compared to that of the other type of trapping center as

annealing temperature increases. This explains the observation

that the photorefractive response of LiNbO3 becomes faster with

higher annealing temperatures.

The temperature dependence of the grating decay rate was

also monitored for the sample in the oxidized state and after

vacuum annealing at a temperature of 400 C. The results are

shown in Fig. 6. The fast components of the grating decay rate

increased significantly as temperature was increased for both

sample conditions. The slow components of the grating decay

rates of the oxidized sample increased only slightly with temper-

ature in the same range. In the temperature range between 20 and -

70 C, the temperature dependence of the decay rates are described

bY
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APPENDIX

The susceptibility of the two level system as derived by Lawson Lin

* Section 11.1 takes the form

x -~ 1+d(A-1)

k (l+ 6+ E 2 )

whers 6 is the normalized detuning between the excitation w?.velength

* and the g-ound-excited sta3tes gap, a is the absorption line small

* signal excitation field attenuation coefficient, and 3 is the line

saturation field.

if the susceptibility of the three level system is assumed to take

the form of a linear combination of two, two level systm (see Figure

I and related comments in Section 11.3), then the resultant

susceptibility takes the form

T 1 +R'-X2

M Te nea4nLi of the synibols in the above fo7:iOa is identical to those

inx Section 11.3.

According to the definition, the poiari.zation of the material PI

4 can be exp2ressed as

1,2

6
where 9" is the electric field interactine with the is-^t oplc nediurz.
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In the Four-wave mLing experiment when the energy migation

2rocess is investigated, the configuration of beams is arranged as

in Fig. 2 Sec. 11.1. Given the fact that the Four Wave mixing

experiment utilizes ncnlinear response of the material, it is

advantageous to set the beam intensities such that the pump field e

is much bigger than the probe-scattered AE, part of the Four-wave

ixing configuration (see definitions in Sec.1I.3 of the mixing

fields).

Given this, it is possible to expand X(E) around 9 in formula
0

(A-3) giving Eq.13, Sec. 11.3, if the nonlinear terms of 69 are

truncated.

After straightforward differentiation and the application of the

slow varying envelope of beans assumption (see Sec. I1.1) and the

application of the non-depleting pump beams assumption (See Sec.

11.1), we have

1,2 1si + JE 12  (1s +  1) 2

s~*i 0o1 2 0

- 2 (A-4)
Utsi+ 1E01 QSI~ + )E0

where 1si =IEsiI 2/(I~i)and A1(z), i 1,2,3,4 are the envelopes of the

beams.

Comparing the synch-onous ter-%s on the left and right side of

equation (A-4) (see ref.15, Sec.II.1) where the above procedure is

demonstrated in great detail), a set of equations is obtae.ned

1 -.
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C01503A, (Z) i o c IE I 2  26
1,2 (1 si + tEl 201

[(I ) A (z) - A () 4 Z) A(Z)) (A-5)

CS A3z i JE S112 (1 - is )

1,2 (1Isi + lE 01)

[I + ;)A() W A (z)A*(Z)A (z)] (A-6)

where -A 2 (z)A4 (z)e'p~ik(I-cosO)z)

(The asterisk in the above formula designates 'the coniugate val.ue).

Given the fact, that In the Four 7ave :tixing configuration A!A 3

the probe 'beam intensity is higher than the scattered eam intensity,

and as long as the pump beaas are weaker thani the saturation fields

I s << JA 2(zA4(z)j (A-7)

the set of equat-Ions (A-5)-(A-6) simplifies to

cosGa Aiz R -(I- + E0 2) ( (A-8)

z . lE(1 - i ()y

1,2 ( 1i + )E

a *iJ i I-i

[( + )A(z A (z)A (t)A (z)] A9

Phases y can be defined by formula

E- (E1 I(cos"V 1 + ± sinf. ) (A-10)

.~ ~~~ 7
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and, according to definitions In Sec.II.3, the following is obtained

If- ty -ik(1-cosG)z + A

where .

Im(A2 (z)) Im(A 4 (z))
A actg e( -arctg (A-11)

e(2(z)) eA()

The above formula give

oE -1 2 + 1 4 + ZIA2 A4 cos[k(l - cosG)z + A] (A-12)

After the introduction of the symbols

D -I + 1 + 1 CA-13)01 si 2 4

a -(A 2 (z)A4(z)I (A-14)

the set of equations (A-8)-(A-9) takes the form

a 1 i E 5 -

a A.(z) - S R1 os

1,2

Ei + a exp±k(1 - cos.)z.4- A]

D + 2a cosLk(l-cosS) + .Ij A(z) (A-15)

I.( + a exp[ik(1-cosG)z +Al
1 A2([)o- J2aRk31 Z-cI(1+ +r]2 A3(z)

12(1a exp (WA-I. s)( a oi) aE sip 2 A 1(z) (A-16)---
[Di + 2a[k(I-cosG)z + A]] 1(-.-: 6

Defining the foilowig quantities

B - k(l - cose) (A-17) -

CoiE S1
2(1i - i ) si + a exp(3 + i.)

R(z) - - i  cos 2 (A-18)

1 , 2 [ D ..a.
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2si + a exp(-i8 - iA)

P1,2 R1ia 1 IE i (1 i ) [D + 2a cos (Uz +61 2  (A-19)

Q(z) =_ - l ~o 1IEs i, 2 (l 161) a ep (iA) A,(z) 20)

1,2 [Doi + 2 cos(Oz + A)) 2

one can obtain from the set (A-15)-(A-16) the following equations

3 A (z) - R(Z)A (Z) - 0 (A-21)

azA3(z ) - P(z)A3 (z) - Q(z) (A-22)

which describes the response of the medium in the A'RI experiment.

Case Ii e angle is large

If the angle of the pump beam crossing is wide enough that the

probe-scattered part of the mixing field does not change substantially

over :he length of the pump part oscillation A - then it isosc 1-cosS .

possible to approximate the set of equations (A-21)-(A-22) by their

forns "averaged" over the X . This leads to the set of equationsosc

3ZAIjZ) + -R(z)) A1(z) =0 (A-23)

3  Z AZ) A(Z) -(q (z)) A (Z) (A-24)

in particular the formula

osc

1- f a +acos 8 + ia sinz D°I 2a 2

I dz = o0i Si (-5

X (Do 1 + 2a cos~z) 2  (Do 2 - a2 ) 3 / 2  (

osc io
0
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"rnich is valid if the assumption of non-depleting pump field holds is

used to obtain

%JE I2 C1 - 164) D 1 1I - 2a 2

R( .R o sG (D 2is (A-26)

-- I 2a
-- ) 1,2 1 01 iE5 (D o 2 -4a 2 ) 3/2

1,2 (Do12 _ 4a
2)3/2  (

Caculted from set (A-23) and (A-2) the envelopes of the fields

take the form=

"%( " PC--)) (Cos-i a 1)-..::

Fom the above, It is str-ightforwazi to ob+,a,

1 3(0)" JA3(0)1 I " - 1 -IAIL

(Cos-l 1) 2.-

(exp(-2 L) + exp(- - 2 exp[-R( +- Cos-11] 7

• . cose R -

COS[ £1-Cos- O)L]} (A-30)

x1 (0) -JAl (o)l 2. 1.%(L) 1 2 exp (-2 ;, L) (A-31)!

att

_ t

- .-._ii i _ _ -,. 2 " " - .>. , > , . - D.. .' a- ex -p I. " ,- - .....

- . R1 %,1, .,IE, .I ,-l , -6~ 2 2 3/2 £.. ., .".
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w4her e

- Re-<'Pz)>)(A-32)

;I tiE-< KP ) (A-33)

The sc Lttering efficiency in the Fou=-wave mixing experiment is defined

as

13(0) (A-34 )

1 1(0) IE 0 0

this leads to the formula

2 e exp(-2?+exP(-2RL

( c o s 
'1 -

1 ) 2

-2 expE~L (1. + COS-1a )]cosE 1L (1-cos'31 i (A-35)

where

12 +14 2

Riaoi 24(1+ 4"

j-1,2 1-1,2 (1 + 5I) si [(i + 12+ 4 2 - 24 ---3/2

_si si

12+ 142 124 2

R i aoi Isi Isi2

J-3,4 1-1, 2 [(1 + -i 4 2. 13/2

Isi I 2

si
(A-36)

F Cosa + 6 sia ; F 3  I (A-37)

2,1 - Cosa F4,1 " £i
2L R Loi (A-38)

E Cosa 2
o 1,2
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Ri ICo D I s 2a 2

.. .. 2 0a / (A-39)
1,2 +6 ) (Doi 2 4a 2)23/

Ri I Siat D oi I - 2a 2

(__+_,2 (Doi2 4a2) 3/2(-(1 + CD) 2- "A40

1,2 ol

The formula (A-34)-(A-40) express the scattering efficiency in the

Four 'Wave 1tixing experiment in the case of a large angle.

Case It The pump field is far from saturation level.

If the pump field is far from saturation level in the Four Idave

{ixing experiment, then the following relationshins will be satisfied
I

a

2 << 1 ; ii-1,2 (A-41)

Isi

I,

" 1/

Expanding the expressions of the type

Isi + a exp (3, - ia)

Si + 1 2 + 14 + 2 cos(
3
2 + .)32

12 14 a

into the power series of - 4 -and --and truncating nonlinear
Si si si

terms obtains the following formula:

o( l R 1i) 3aR(z.) R i  2, ± [ - -.9_ cos(z 4- )"
(Ei + ) cos is

1,2 
£

a 17 + 14+ i - sin(az + A) -2 - (A-42)
ci ISi
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The above foriaula togetiher with equation (A-21) leads to

A() -A 1(L) exp( i oi £ -~ L)(1 -2
2

12 (1 + 6~ COSO S

6a sn S(z -L) CoB0(z +L) + 2A

2I SiS22

12ia B(Z +L + 2A i B(z-L)I (A-43)

2 2
SiI

Using the same approximation the following is also obtained

Q(Z)= - i oi 2 a exp(iA)A1 (Z) * .,(A-44)

1,2 (1 -iS)

si

R a 2+1i

3a. - Cos(3z+a) a sin (az+.,,,) -2 - ] (A-45)

The solution of equation (A-23) together with formulae (A-44), and

* (A-45) gives
z

A (Z) ef~(z) (C +f Q(z9)ef'(Z')dzl) (A-46)

0

which allows to evaluate f(z) as

z

f(z) - fP(z') dz' +C 2  
(A-47)

0
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and leads to
I li aoil 2  ii I2 + 4

f(z) 2 z(- 2

1,2 ( 1+6) I s..

3a a
-- sin (.z+ 6) +i- cos (Oz (A-48)

.~si 1si

Introducing a function F(z) such that

7()-J(;e) e dz' (A-49)

0

it is possible to express

A3 (Z) e *f(A) CF(Z) - F(L)J (A-50)

ihiat zives LteuisZy of scattered light on the fface L.=O as:

I JA3(0) ef(0) 12 17(o) -F(L)+j 2  (A-5)

3(0 2 ( (-1

for je f(0)12 expressed as:

R~ a
e ex C-6 si- ao -

2

1,2 lsi-',

ie

+.7'
R < C&. . . . .

2 oA(-2

. . ., , . , .. . , . , .. ,, .- ' ',2-
-, ,. ••. . - . -. ., .". . . -

1 9,2• 

. -,, .
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. 2 14 2...
-F(O) F(L) = L jA1 (L)j Cs2 [ - -+ )o I

cos 2G 1,2 (1+i) 'Si

l+ 2 B C)os 2 .

1,2 -- R 2

1 2 + 1 2  osi 1 ..

2
L 2 2 2

- OR + B L Coa - i]
6

+ (LBI Cos 2 _ -RBI cosa) 2 (A-53)
2 3

R~
3 ~Lo (A-54)

(1+ 2) cos

The ltensity of the probe bean, while the pump field is turned off is

2L R

1,IAi - 12 [A(L)f2 e.Tp[ -oi 2 (A-56)
I 0 1,2 (E- i  -Ca

0 1,2

The formula (A-53)-(A-56) allows one to express the scattering

efficiency in Four-wave mixing as:

S - S 2 t, exp (-S2 /I- ) (A-57)
1,. 2 . '
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L S 2 Rm 2(1+6 ) 2 E (1+6 ) 2"-:
co2 01,2 1-2

2L a
- ot 2 

-([LCOS
2 - j oi 2Co ) 1.2 ( + O ) 2 1,2 (1+61) Cosa

2L Rim --"
0LZ'R °~ )2 2 L+[-  , R co

2 2.

,2 +[2 (2Z
L2

-1 01 1 Rp"j +3oi (A-58)

1S2  1 (1

1,2 £ i1,2

Formulae (A-57)-(A-59) describes the scattering process in the

Four-wave mLxi g ex;eriaent whIle the intensity of the pump field is

below ts saturation level.
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